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Final Report Abstract 
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The Pennsylvania State University 

 
Hybrid laser-arc welding of nickel-base alloys can increase productivity and decrease costs during 
construction and repair of critical components in nuclear power plants.  However, laser and hybrid 
welding of nickel-base alloys is not well understood.  This project sought to understand the 
physical processes during hybrid welding necessary to fabricate quality joints in Alloy 690, a Ni-
Cr-Fe alloy.  This document presents a summary of the data and results collected over the course 
of the project.  The supporting documents are a collection of the research that has been or will be 
published in peer-reviewed journals along with a report from the partner at the national lab. 
 
Understanding the solidification behavior of Alloy 690 is important for knowing the final 
properties of the weldment.  A study was undertaken to calculate the solidification parameters, 
such as temperature gradient, solidification rate, and cooling rate in Alloy 690 welds.  With this 
information and measured cell and dendrite arm spacings, an Alloy 690 map was constructed to 
guide process parameter development and interpret fusion zones in later hybrid welds.  This 
research is contained in “Solidification Map of a Nickel Base Alloy.” 
 
The keyhole formed under high laser intensity gives the hybrid welding technique the greater 
penetration depths compared to arc welding.  However, keyhole behavior can form defects in the 
material, so knowing transient keyhole characteristics is important.  With international 
collaborators, a study was undertaken to validate a new process monitoring tool known as inline 
coherent imaging (ICI), which is able to measure the keyhole depth with spatial and temporal 
resolutions on the order of 10 microns and 10 microseconds.  ICI was validated for five alloy 
systems, including Alloy 690.  Additionally, the keyhole growth rates at the start of welding were 
measured with unprecedented accuracy.  This research is contained in “Real Time Monitoring of 
Laser Beam Welding Keyhole Depth by Laser Interferometry.” 
 
During full penetration welding of thick sections, root defects can form, which result in 
unacceptable weld quality.  A study was undertaken to determine the competing forces in root 
defect formation by independently changing the weight forces and surface tension forces.  The 
weight force was altered by changing the plate thickness, and the surface tension force was altered 
by changing the surface condition at the bottom surface.  Root defects do depend on these two 
forces.  This research is contained in “Mitigation of Root Defect in Laser and Hybrid Laser-Arc 
Welding.” 
 
Validation of the hybrid laser-arc model is necessary to properly model heat and mass transfer and 
fluid flow in Alloy 690 hybrid welds.  Therefore, the developed model was validated for low 



carbon steel.  Temperatures calculated by the model were included into a microstructural model in 
order to calculate the phase fractions.  Process maps were developed for the selection of welding 
parameters to avoid martensite formation.  This research is contained in “Fusion Zone 
Microstructure in Full Penetration Laser-Arc Hybrid Welding of Low Alloy Steel.” 
 
Alloy 690 suffers from ductility dip cracking, a form of hot cracking.  This type of cracking inhibits 
the use of multipass welding to join Alloy 690.  Our partners at ORNL performed some hot 
ductility testing with Alloy 690 samples using digital image correlation.  The results of this work 
is contained in the report “Summary of 690 ductility dip cracking testing using Gleeble and digital 
image correlation.” 
 
Macro-porosity is a limiting factor in the widespread deployment of laser and hybrid laser-arc 
welding for construction and repair of nuclear power plant components.  Keyhole instability and 
fluctuation results in the formation of large bubbles, which become trapped at the advancing solid-
liquid interface as pores.  Laser and hybrid laser-arc welds were fabricated for a range of 
conditions.  Porosity levels in the welds were measured in X-ray computed tomography (CT), 
which provides very detailed data on the size and locations of the pores inside the weld.  Based on 
the porosity size and location distributions, the mechanism that leads to lower porosity in higher 
power hybrid-laser arc welds was determined.  This research is explained in detail in “Porosity in 
Thick Alloy 690 Welds – Experiments, Modeling, Mechanism, and Remedy”. 



Objectives and Accomplishments 

1. Process Development and Weld Characterization 
 
Parameters were developed for the successful laser and hybrid laser-gas metal arc 
(GMA) welding of Alloy 690.  Dozens of trial GMA welds were fabricated to 
determine the correct voltage, current, wire feed speed, shielding gas composition, 
and torch angle for successful welding of Alloy 690 with different consumables.  
The correct GMA conditions were combined with a laser to perform the first hybrid 
laser-GMA welds on Alloy 690. 
 
The resulting welds were characterized in terms of welding defects, such as pores, 
root defects, ductility dip cracks, and solidification cracks.  The fusion zone profile 
and solidification structures were also analyzed.  Micro-hardness measurements 
were performed on the welds to determine the effect of welding on mechanical 
properties. 
 
Appendices A, B, C, and D provide additional details on welding process 
development and weld characterization. 
 

2. Heat and Fluid Flow and Thermal Cycle Modelling 
 
An existing heat transfer and fluid flow model was adapted to calculate the 
temperature and fluid velocity fields during laser welding of Alloy 690.  Thermal 
cycles, cooling rates, temperature gradients, solidification rates, solidification 
morphology parameters, and spatial variation of solidification parameters were 
calculated using the adapted model, which models the keyhole heat source with a 
point by point heat balance at the keyhole walls. 
 
Additional developments led to a heat transfer and fluid flow model for the 
simulation of hybrid laser-GMA welding, which requires the introduction of a 
volumetric heat source to model the addition of a consumable electrode into the 
weld pool.  The temperature outputs were coupled with a microstructure model to 
accurately predict the effects of welding speed and laser-arc separation distance on 
the resulting microstructure in full penetration welds.  This work led to process 
maps demonstrating the effects of different process parameters on final 
microstructure. 
  
Appendices A and D provide additional details on heat and fluid flow and thermal 
cycle modeling. 
 

 
 



3. Solidification and Microsegregation 
 
Solidification of Alloy 690 welds was thoroughly characterized in terms of spatial 
variations of scale and morphology (i.e. cells and columnar dendrites).  The sizes 
and morphologies were correlated to the calculated cooling rates and morphology 
parameters from the heat transfer and fluid flow model.  This correlation was used 
to construct a solidification map for Alloy 690 showing the effects of temperature 
gradients and solidification rates on scale and morphology of the solidification 
structures. 
 
Scheil calculations predicted limited partitioning of alloying elements to the liquid 
during solidification.  A slight increase in chromium was expected.  The small 
interdendritic regions and EDS analysis confirmed that microsegregation was 
limited in Alloy 690 compared to other nickel-base alloys. 
 
Appendix A provides additional details on solidification and microsegregation 
Please refer to appendix A for more information. 
 

4. Calculation and Measurement of Residual Stress 
Great progress has been made with the calculation of residual stress fields.  A key 
ingredient for these calculations is knowledge of the 3D temperature fields during 
welding.  These fields have been determined for number laser and hybrid laser-arc 
welding conditions.  Depending on the heating and cooling rates, the residual stress 
fields will differ.  The spallation neutron source at Oak Ridge National Lab can be 
used to measure residual stress fields.  Diffraction of the neutrons at the weld 
sample can be translated into residual stress.  A proposal was written and revised 
in order to obtain beam time at the spallation neutron source.  Unfortunately, the 
proposal was not selected over the course of three reviews.  
 

5. Mechanical Property Testing 
 

Extensive mechanical property testing was undertaken at Oak Ridge National Lab 
(ORNL).  As-machined and annealed testing samples were mechanically tested at 
room temperature.  A hot ductility test was performed where the sample is rapidly 
heated and cooled at rates up to 110˚C/s and then strained to fracture at 871˚C in a 
Gleeble thermos-mechanical simulator.  During testing digital image correlation 
(DIC) was used to measure the local strain field near the location of failure.  The 
initial speckle pattern application procedure for DIC was not appropriate for the 
high temperatures, which were tested in this study.  So, the co-investigators at 
ORNL developed a new coating technique, which can withstand higher testing 
temperatures.  Appendix E provides additional details on mechanical property 
testing. 
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OVERVIEW

Purpose: This work seeks to demonstrate the utility of laser-GMA hybrid welding to 
thick sections of Ni-base alloys through numerical modeling of the heat transport, 
fluid flow, solidification, and residual stress.

Objectives:
•Perform laser-GMA hybrid welds on Inconel Alloy 690 with various filler metals.

•Characterize resulting microstructure and segregation of the alloying elements in the 
fusion zone.

•Develop an existing heat transfer and fluid flow model to understand the phenomena 
that occur during laser-GMA hybrid welding.

•Calculate and measure the residual welding stress field.

•Measure the mechanical properties of the weld.

IMPACT
Logical Path:

Outcomes: The outcomes of this work include a quantitative understanding of the 
laser-GMA hybrid welding process of Alloy 690.  The effect of welding conditions on 
weld pool geometry, solidification parameters, microsegregation, residual stress fields, 
mass transport, and mechanical properties will be determined.

DETAILS

Principal Investigator: Dr. Tarasankar DebRoy

Institution: The Pennsylvania State University

Collaborators: Dr. T.A. Palmer (ARL/PSU) and Dr. W. Zhang (OSU)

Duration: Oct. 2011 to Dec. 2014

TPOC: Herschel Smartt

Workscope: MS-NT4

Project Number #:
120327 

Total Funding Level: $482,503

RESULTS

Accomplishments: A manuscript describing the differences between laser and hybrid 
laser-arc welding is in preparation.  One of the differences discussed is the effect of 
technique on keyhole porosity as shown above in the X-ray CT images.  The top image 
is a laser weld.  The bottom image is a hybrid weld.

Laser-Arc Hybrid Welding of Thick Section Ni-base 
Alloys – Advanced Modeling and Experiments
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Solidification Map of a Nickel-Base Alloy 



Solidification Map of a Nickel-Base Alloy

J.J. BLECHER, T.A. PALMER, and T. DEBROY

The solidification behavior of the advanced nickel-base alloys, such as Inconel� Alloy 690, is
important for understanding their microstructure, properties, and eventual service behavior in
nuclear power plant components. Here, an experimental and theoretical program of research is
undertaken with the aim of developing a quantitative understanding of the solidification
behavior under a wide range of temperature gradients and solidification growth rates. The
temperature gradient and solidification rates vary spatially by several orders of magnitude
during keyhole mode laser welding. Therefore, the solidification structure is experimentally
characterized from microscopic examinations of the resulting fusion zones and correlated with
fundamental solidification parameters to provide a widely applicable solidification map that can
be employed for a broad range of solidification processes. The cell and secondary dendrite arm
spacings are quantitatively correlated with cooling rates. An Alloy 690 solidification map, which
illustrates the effect of temperature gradient and solidification rate on the morphology and scale
of the solidification structures, is also presented.

DOI: 10.1007/s11661-013-2149-1
� The Minerals, Metals & Materials Society and ASM International 2013

I. INTRODUCTION

HIGH performance nickel-base alloys are widely
used in industry[1–5] because of their superior structural
stability, desirable mechanical properties, and high
resistance to stress corrosion cracking. For example,
Inconel� Alloy 690, a high chromium content nickel-
base alloy, is widely used in installation and repair of the
steam generator tubing and pressurized water reactor
components.[6] Fabrication and maintenance of these
alloy parts require an understanding of their solidifica-
tion behavior because of its significant impact on the
mechanical properties. Unlike well established alloy
systems, such as stainless steels,[7] a quantitative under-
standing of Alloy 690 solidification behavior is not
currently available.

Previous studies on the solidification behavior of Alloy
690 have provided useful knowledge about the morphol-
ogy of the solidification structure. Cellular and columnar
dendritic structures were observed in both arc and laser
welded fusion zones.[8–13] Characterization of the solid-
ification structures showed that cell spacings and the
secondary dendrite arm spacings varied with heat input
per unit length during the fabrication process. The scale of
the solidification structures were correlated with heat
input because the heat input could be accurately deter-
mined. However, it is now well established that the heat
input does not uniquely define the solidification structure
because the same heat input can result in significantly
different thermal conditions depending on the fabrication
speed and the power used.[14]

The scale of the cells or dendrites depends primarily
on the fundamental solidification parameters, such as
the temperature gradient (G) and the solidification
growth rate (R). The cooling rate can be directly related
to the scale of the solidification structures, regardless of
the heat input or other attributes of a fabrication
process.[15] A morphological map showing solidification
structures as a function of fundamental solidification
parameters can provide significant benefits to the
construction of new power plants and the refurbishment
of existing plants. This enhanced understanding of the
solidification mechanisms will lead to improved fabri-
cation and performance of Alloy 690 in high tempera-
ture applications.
Realistic calculations of the solidification parameters

during welding have been enabled by recent advances in
numerical modeling. For example, Zhang et al.[16] uti-
lized a heat transfer and fluid flow model and showed
that calculated thermal cycles during cooling after arc
spot welding agreed well with the corresponding exper-
imental thermal cycles. Rai et al.[17–19] calculated G, R,
GR, and the morphology parameter (G/R) at the trailing
edge of the weld pool during laser welding of a wide
range of alloys. Anderson et al.[5,20] made use of the
columnar to equiaxed transition (CET) model[21–23] in
order to study stray grain formation in single crystal
alloys. Using coupled models, Tan et al.[24] determined
the temperature field during laser spot welding of
stainless steel to calculate a number of solidification
characteristics, such as grain growth direction, mor-
phology, and cell and secondary dendrite arm spacing.
Numerical modeling has been used extensively to
calculate solidification parameters[5,16–20,24] and to study
the solidification behavior of alloys.
In this study, the solidification behavior of a Ni-Cr-Fe

alloy, Alloy 690, is investigated based on experimentally
determined solidification structure and theoretically
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calculated solidification parameters, such as tempera-
ture gradients and the solidification growth rates.
During microscopic analysis, the laser welds exhibit a
wide range of cellular and columnar dendritic structures
across the fusion zone. The local temperature gradients
and solidification rates during keyhole mode laser
welding are calculated with a well-tested numerical heat
transfer and fluid flow model. In addition, the scale of
cellular and dendritic structures are then correlated to
the cooling rates, allowing relations between cooling
rate and cell and secondary dendrite arm spacing to be
developed. The critical G/R parameter for the transition
from cells to dendrites is then determined and used to
calculate the area fractions of columnar dendrites in the
transverse cross sections of the experimental fusion
zones. A solidification map for Alloy 690 is then
constructed to predict the formation of cells and
dendrites and the scale of the cells and dendrite arms
for given values of G and R.

II. EXPERIMENTS AND MODEL
DEVELOPMENT

A. Experimental Welds

Autogenous bead-on-plate welds were made on
12.7 mm thick Inconel� Alloy 690 plate with an IPG
Photonics� YLR-12000-L ytterbium fiber laser. The
1070 to 1100 nm wavelength laser light was directed to
the workpiece through a 200 lm process fiber and
focused with a YW50 Precitec� welding head. The
optics included 200 mm focus length collimating and
focusing lenses. Beam characterization with a
PRIMES� Focus Monitor confirmed a 200 mm focus
length, a 300 lm beam diameter at focus, and a
divergence angle of 150 mrad. The focus plane of the
laser beam was positioned at the surface of the work-
piece with no offset. Laser power varied between 1.0 and
5.6 kW, and travel speed was held constant at
34 mm s�1. The composition of the Alloy 690 plate is
shown in Table I.

Standard metallographic techniques were used to
prepare transverse sections of the laser welds. Electro-
lytic etching in 10 wt pct oxalic acid for several seconds
revealed the microstructure of the fusion zone and base
metal. A Nikon� Epiphot microscope imaged the
microstructures at magnifications between 100 and
1000 times magnification. A Nikon� DS-Fi2 camera
and Nikon� NIS Elements software were used to
capture micrographs. Series of 10 to 30 images at 100
times magnification were stitched together into larger
images using Adobe� Photoshop CS5. Secondary den-
drite arm spacing, cell spacing, and morphology area
measurements were performed with ImageJ software.
The linear intercept method was used to measure the

secondary arm spacings and cell spacings. Four mea-
surements per micrograph at 1000 times magnification
were used to determine cell spacings for each location
and corresponding cooling rate. If one cell spacing
measurement fell outside of the mean plus or minus one
standard deviation, it was not included in the reported
mean. The reported secondary arm spacings are an
average of three or more measurements in one 1000
times magnification micrograph. Each dendrite used in
the measurement had a minimum of seven arms.

B. Mathematical Modeling and Solidification
Calculations

The three-dimensional (3D) finite difference based
heat transfer and fluid flow model used in this paper has
been documented elsewhere in the literature,[17–19,25–28]

so only a brief description of the features will be
presented here. Calculation of the keyhole profile is
done before the heat transfer and fluid flow calculations
and is based on the method proposed by Kaplan,[29]

which performs a point by point heat balance at the
keyhole wall. The profile and resulting heat flux at the
keyhole wall are then incorporated into the heat transfer
and fluid flow model as a heat source. The equations for
the conservation of mass, momentum, and energy are
solved for enthalpy and fluid velocity. The resulting
temperature fields are used to determine the solidifica-
tion parameters. The Alloy 690 material properties used
for these calculations are shown in Table II.
The heat transfer and fluid flow model has been

extensively evaluated and validated for keyhole mode
laser beam welding for a variety of materials, including
aluminum, stainless steel, tantalum, titanium, vana-
dium, and structural steel alloys.[17–19] In addition to
accurately predicting the experimental weld pool dimen-
sions for various welding powers, speeds, and laser beam
profiles, the solidification parameters G, GR, and G/R
were calculated at the weld centerline.[18] The model has
also been employed to quantitatively study the solidifi-
cation of austenitic stainless steels[35] and the effect of
cooling rate on the primary solidification phase. The
calculated and measured thermal cycles and cooling
rates agreed, which allowed for the establishment of
relations between cooling rates (1000 to 10,000 K s�1)
and spacings of primary and secondary dendrites.
The temperature gradient (G) and solidification

growth rate (R) are calculated from the temperature
field, which is output by the heat transfer and fluid flow
model. These parameters, G and R, have been calculated
for every position along the solidification front, which is
a 3D surface from which the 2D transverse cross-section
is extracted. The combined forms of G and R include the
cooling rate (GR) and the solidification morphology
parameter (G/R). The cooling rate can be directly

Table I. Composition of Alloy 690 Plate

Composition (Wt Pct) Ni Cr Fe Mn Si C Cu S

Alloy 690 59.96 29.62 9.68 0.19 0.08 0.03 <0.01 0.004
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related to the size of the features in the fusion zone. The
morphology parameter can be used to describe the
shape of the solidification structures, such as (from
highest G/R value to lowest) planar, cellular, columnar
dendritic, and equiaxed dendritic.

In order to calculate G and R, the direction of heat
flow at the liquidus temperature must be determined,
which is the gradient of the temperature field

rT ¼ @T
@x

iþ @T
@y

jþ @T
@z

k; ½1�

where T is temperature and i, j, and k are unit vectors
in the x, y, and z direction, respectively. The heat flow
direction at a certain position in space is expected to
be normal to the 3D liquidus surface. The temperature
gradient, G, is

G ¼ rTk k ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

@T

@x

� �2

þ @T

@y

� �2

þ @T

@z

� �2
s

; ½2�

which is simply the magnitude of the vector. The solid-
ification direction is assumed to be aligned opposite to
the heat transfer direction. Therefore,

cos a ¼
� @T

@x

rTk k ; ½3�

where a is the angle between the welding direction and
solidification growth direction. In order for the
assumption to be valid, the orientation of the easy
growth direction, h100i, of the pre-existing grain must
be parallel to the solidification direction. In polycrys-
talline material with randomly oriented grains, this
condition is not usually met, however, with mean grain
sizes much smaller than the dimensions of the weld,
competitive growth will quickly select the best orienta-
tion during solidification. The solidification rate, R, is

R ¼ U cos a; ½4�

where U is the welding speed. Figure 1(a) shows the
relationship between U, R, and a on the 3D solidification
surface and the resulting transverse cross-section of the

weld. The variation of a with depth along the central
longitudinal plane for a 2.8 kW weld is shown in
Figure 1(b). It should be noted that R is also a function
of the angle between the easy growth direction of the grain
and the welding direction. However, this angle is typically
neglected for the case of polycrystalline materials.

III. RESULTS AND DISCUSSION

A. Microstructural Characterization

Bead-on-plate laser welds were made on Alloy 690
plates at a travel speed of 34 mm s�1 and powers
ranging from 1.0 to 5.6 kW. The combination of laser
power and welding speed resulted in the formation of a
keyhole in each weld. Calculated temperature and fluid
velocity fields are shown in Figure 2 for powers of 1.0,
2.8, and 4.7 kW. The boiling [3085 K (2812 �C)],
liquidus [1650 K (1377 �C)], and solidus [1616 K
(1343 �C)] temperature contours are plotted. The char-
acteristic high depth to width ratio of keyhole mode
laser weld pools is observed as is the Marangoni effect
driven fluid flow, which drives molten metal to the edges
of the pool. As expected, an increase in the laser power
produces a larger pool overall. The width of the two
phase mushy region also increases, which suggests
different thermal cycles along the solidification front.
A comparison of the experimental and calculated weld
pool dimensions is shown in Figure 3. Good agreement
is observed between both sets of values, except at the
5.6 kW width where material expulsion was observed.
At powers exceeding 5.6 kW and up to 10.6 kW,
significant liquid metal expulsion occurred, indicating
the onset of drilling.
Examination of the fusion zone microstructure

revealed two distinct morphologies, cells and columnar
dendrites, and a range of scales. Figure 4 shows repre-
sentative micrographs of cells and columnar dendrites in
the transverse fusion zone of the 3.8 kW weld. The
micrograph of the cells is taken near the root of the
weld, where the scale of the cell spacing is about 3 lm
due to the relatively high cooling rates. At this location,
cell growth occurs in a variety of directions, and the cells

Table II. Material Properties of Alloy 690 Used in the Calculations

Material Property Value Reference

Absorptivity of liquid 0.313 [30]
Density of liquid at the melting point (kg m�3) 7500 [31]
Density of liquid at the boiling point (kg m�3) 6100 [31]
Viscosity of liquid (kg m�1 s�1) 0.0051 [31]
Solidus temperature [K (�C)] 1616 (1343) [32]
Liquidus temperature [K (�C)] 1650 (1377) [32]
Enthalpy of solid at solidus (kJ kg�1) 879 [33]
Enthalpy of liquid at liquidus (kJ kg�1) 1200 [33]
Specific heat of solid (J kg�1 K�1) 665 [33]
Specific heat of liquid (J kg�1 K�1) 673 [33]
Thermal conductivity of solid (J m�1 s�1 K�1) 33 [34]
Thermal conductivity of liquid (J m�1 s�1 K�1) 46 [31]
Thermal conductivity of liquid at boiling point (J m�1 s�1 K�1) 47 [31]
Coefficient of thermal expansion (K�1) 1.0 9 10�6 [31]
Temperature coefficient of surface tension (mN m�1 K�1) �0.37 [31]
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are elongated reaching lengths of 60 lm or longer.
While not observable in Figure 4, some cells grew
perpendicular to the transverse plane. On the other
hand, columnar dendrites are located near the center of
the weld finger and are much coarser than the cells with
dendrite arm sizes of 4 to 5 lm. The middle and right
hand side portion of Figure 4(b) shows well developed
columnar dendrites, and left hand side shows tertiary
dendrites and the weld centerline.

A broader overview of the 2.8 kW weld fusion zone
along with the calculated solidification direction (i.e.,
��T) is given in Figure 5. Overall, the general wineglass
shape of keyhole mode laser welds is observed as well as
some porosity near the bottom of the weld due to
keyhole instability. In terms of cell, dendrite, and grain
orientation, the direction of growth is a function of
position in the weld. The calculated orientation vectors
are shown as unit vectors, so in 3D, the vectors have the
same magnitude. Small vectors indicate significant
growth in the x-direction, perpendicular to the page.
In the middle part of the weld finger, mainly horizontal
growth dominates. For rest of the weld, the solidifica-
tion structures grow vertically towards the top surface of
the workpiece but to different degrees. At the top of the
weld, growth is at 45 deg to the horizontal, while at the
weld root growth is almost vertical.

The large spatial variation of solidification structure
size and morphology in both the whole fusion zone and
individual micrographs is illustrated in Figures 5(b)
through (d). Part b shows the microstructure near the
top of the weld. Cells and dendrites exist together in this
micrograph with cells towards the left and dendrites in
the center and towards the right. This spatial variation
indicates that the morphology parameter G/R is decreas-
ing from left to right in Figure 5(b). The orientation of
growth becomes steeper from the fusion line to the
center of the weld. Figure 5(c) also shows both cells and
dendrites, but variation in scale is clear. Individual cells
are barely resolved at the fusion line, while relatively
large dendrite arms can be seen at the centerline. This
observation indicates that the cooling rate has decreased
dramatically from the fusion line to the centerline.

Fig. 1—The 3D solidification surface and resulting weld profile, (a),
and variation of the angle a with depth along the central longitudi-
nal plane for a 2.8 kW weld, (b), are shown. Also shown is the rela-
tionship between the welding speed, U, the solidification rate, R, and
angle between the two vectors, a.

Fig. 2—The calculated molten pool profiles during keyhole mode
laser welding are shown at different laser powers, (a) 1.0 kW, (b)
2.8 kW, and (c) 4.7 kW. The boiling point, liquidus temperature,
and solidus temperatures are 3085 K, 1650 K, and 1616 K (2812 �C,
1377 �C, and 1343 �C), respectively. The fluid velocity reference vec-
tor of 500 mm s�1 is also shown.
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Significant horizontal columnar dendrite growth is
shown in Figure 5(c). Only fine cells growing in a nearly
vertical direction are observed in Figure 5(d). This

observation indicates relatively high values of GR and
G/R are expected.
Qualitatively, the observed growth directions and

calculated growth directions agreed well, indicating that
the experimental and calculated heat transfer directions
are quite close. While observation of the fusion zone
indicates that G/R varied enough to produce cells and
columnar dendrites, the variation was not significant
enough to produce equiaxed dendrites or significant
amounts of planar solidification, which is observable
just at the edge of the fusion zone in Figure 5. With
typical values for alloying element diffusion in liquid
metal, the minimum G/R value necessary for planar
solidification can be estimated[15] and is on the order of
7000 K s mm�2. So, based on experimental observa-
tions, G/R is at least 7000 K s mm�2 at the edge of the
fusion zone, but at all other locations, the value is less.

B. Solidification Parameters

Figure 6 illustrates the variation of G and R as a
function of depth along the central x–z plane in a
2.8 kW weld. The weld pool profile along the central
longitudinal plane is shown as well in order to demon-
strate how the shape of the solidification front affects the
solidification parameters. The direction of heat transfer,
which is aligned to the solidification direction, can be
discerned by the slope of the liquidus contour [1650 K
(1377 �C)]. A more vertical slope (i.e., the surface
normal is closer aligned to the weld direction) produces
a higher solidification rate. If the slope is close to zero,
or the liquidus contour is nearly horizontal, the solid-
ification rate is low. The magnitude of temperature
gradient is qualitatively represented by how close the

Fig. 3—The calculated and experimental molten pool dimensions are
shown as a function of laser power for a travel speed of 34 m s�1.
The experimental and calculated molten pool widths and depths
show good agreement.

Fig. 4—The solidification structures observed in this study are (a)
cells and (b) dendrites. The cells and dendrites near the root and
center of the fusion zone, respectively, of a 3.8 kW weld are shown.

Fig. 5—The scale, mode, and orientation of solidification varies
across the transverse section of the 2.8 kW weld. In (a) the general
profile is shown with the positions of (b), (c), and (d) highlighted
with rectangles. The calculated orientation of the solidifying cells,
dendrites, and grains are shown in (a) based on the direction of heat
flow at those positions.
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solidus and liquidus lines are to one another, or,
alternatively, the width of the mushy zone. A larger
mushy zone is associated with a lower temperature
gradient.

In Figure 6, the slope of the liquidus contour and the
width of the mushy zone decrease from the top to half the
depth of the weld, which is represented by the increase in
the temperature gradient and decrease in solidification
rate. This behavior is typically observed in ellipsoidal
weld pools produced by arcs and low intensity lasers.[36,37]

However, due to the nature of the keyhole heat source,
which extends into the depth of the weld pool, at half the
depth along the weld centerline, both the verticality of the
liquidus contour and mushy zone width increase sharply.
This change results in a decrease of G and increase of R.
These two characteristics, mushy zone width and liquidus
contour slope, then decrease again as the liquidus contour
approaches the bottom of the keyhole. Along the central
x–z plane, the temperature gradient varies over four
orders of magnitude from the top of the weld to the
bottom, and the shapes of these two curves will impact the
combined forms of G and R.

The temperature gradient (G) and solidification rate
(R) along the central x–z plane for powers of 1.0, 2.8,
and 4.7 kW and a travel speed of 34 mm s�1 are shown
in Figure 7. Two-dimensional plots of G and R for the
same powers are also shown. Each G curve exhibits a
local minimum and maximum along the depth, and an
increase in power tends to shift the curve down and
increase the range over which G varies. For example, in
the case of the 1 kW weld, the range over which G varies
is three orders of magnitude, 10 to 10,000 K mm�1, but
for the 4.7 kW weld, G varies over four orders of
magnitude from 0.2 K mm�1 at the top of the weld pool
to 5000 K mm�1 near the bottom of the keyhole. A
review of the temperature gradient plots inset in
Figure 7(a) shows that increasing the power does not
simply result in a larger weld profile with similar

contours. At higher powers, lower temperature gradi-
ents and a higher degree of spatial variation are
observed throughout the weld. Additionally, the higher
temperature gradients are found near the fusion line and
root of the weld, while the lower values are found near
the top center.
In Figure 7(b), the solidification rate, R, varies from 4

to 34 mm s�1 (the welding speed). Similar to the G plots,
a local minimum and maximum are observed. Power
does not appear to have a significant effect on R at the
central longitudinal plane. However in the 2D R plots,
relatively lower solidification rates are observed at
higher powers. In the 4.7 kW weld, R is mostly
5 mm s�1 or more at the top half, where in the 1.0 kW
weld R is 20 mm s�1 or more. Along the cross section, R
decreases from the center of the weld to the fusion line
because the surface normal vector is becoming increas-
ingly misaligned with the travel direction.
Both G and R exhibit complex behavior as a function

of position along the solidification front and a high
degree of spatial variability, which will lead to variabil-
ity in the parameters that control solidification structure
scale and morphology. Figure 8 shows GR and G/R as a
function of depth along the central x–z axis and cross
sections for 1.0, 2.8, and 4.7 kW. The shapes of the
curves are similar to the previous plots of G and R with
a local minimum and maximum near the half depth of
the weld, and the curves tend to shift to lower values
when the power increases. However, the values of GR
and G/R are varying over four to five orders of
magnitude. For 4.7 kW, the cooling rate varies from 6
to 40,000 K s�1, and G/R varies from 0.005 to
600 K s mm�2. The large spatial variation in cooling
rates and G/R values explains the variation in scale and
morphology observed in Figure 5.
The effect of laser power on the cooling rate can be

observed in the inset contour plots. At 1.0 kW most of
the weld is cooling at rates above 1000 K s�1, but as the

Fig. 6—The behavior of G and R as a function of depth along the central longitudinal plane for a 2.8 kW weld. The slope of the liquidus con-
tour represents the solidification rate (i.e., larger absolute slope, greater R), and the distance between the solidus and liquidus contours corre-
sponds to the temperature gradient (i.e., larger distance, lower G).
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power increases, significant parts of the weld are cooling
at rates less than 1000 K s�1. At the highest power, a
large section of the top of the weld is cooling at less than
100 K s�1. The 2D G/R plots also show the effects of
power on the distribution of the solidification structure
morphology. The G/R contour of 13 K s mm�2 is
chosen because it is close to the transition value from
cellular to columnar dendritic morphologies, so at
values less than 13 K s mm�2, the morphology is likely
to be dendritic. As power increases, the amount of the
weld enclosed by the transition value contour increases,
which means the area of the fusion zone containing
dendritic structures should increase. Another observa-
tion of the same contour shows that it is not continuous
along the depth for the 1 kW weld, indicating that
transitions from dendrites to cells to dendrites may be
observable at the center of the fusion zone.

The calculated solidification rates shown in Figure 8(a)
are greater than 10 mm s�1 in most cases indicating that

rapid solidification may play an important role in the
fusion zones of thesewelds.[38]A calculation considering a
Ni-30 wt pct Cr binary system shows that the underco-
oling is within the experimental range consistent with
equilibrium solidification. If the thermal and kinetic
undercooling are neglected, the total undercooling, DT,
can be determined by[39]

DT ¼ DTC þ DTR ¼
DG

R
�mLRr 1� kð ÞC0

D
þ 2/

r
; ½5�

where DTC is the constitutional undercooling, DTR is the
undercooling due to curvature, D is the diffusion
coefficient for chromium in molten nickel,[40] G/R is
the morphology parameter, mL is the slope of the
liquidus line in the Ni-Cr binary phase diagram, R is the
solidification rate, r is the radius of curvature of the
growing cell or dendrite, k is the distribution coefficient
in the Ni-Cr system,[41] C0 is the composition of the Ni-
Cr alloy, and / is the Gibbs–Thomson coefficient. The
G/R value is taken from Figure 8(b) for values at high

Fig. 7—The solidification parameters, (a) temperature gradient (G)
and (b) solidification rate (R), are plotted as a function of depth
along the central x–z plane and in 2D contour plots for various
powers.

Fig. 8—The combined forms of solidification rate and temperature
gradient, (a) cooling rate (GR) and (b) morphology parameter (G/R),
are plotted as a function of depth along the central x–z plane and in
2D contour plots for various powers.
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solidification rates. The value for the radius of curvature
and Gibbs–Thomson coefficient are typical values from
Kurz and Fisher.[38] For the values given in Table III,
the undercooling is 13 K. Kraus[42] measured undercoo-
lings as high as 30 K in stainless steel weld pools, where
equilibrium solidification was observed. Due to the low
calculated undercooling, the effects of rapid solidifica-
tion were not included in the model.

C. Scale of the Solidification Structures

The size and scale of cells and dendrites are known to
vary as a function of cooling rate.[15] The cooling rate
varied significantly over the range of laser powers
investigated. The measured cell and secondary dendrite
arm spacings were correlated to the calculated cooling
rates (GR) at various positions in the weld cross section.
Figure 9 shows the effect of the calculated cooling rate
on experimental cell spacing and secondary dendrite
arm spacing. The n value, which is defined as

log spacingð Þ ¼ n log GRð Þ þ log bð Þ ½6�

is provided for each structure. The relation in Eq. [6] is
well established in the study of secondary arm spacings
and is based on the solidification time being inversely
proportional to the cooling rate.[15] A more detailed
description by Kurz and Fisher,[38] which uses a similar
relation, assumes competing growth between two cylin-
ders (i.e., secondary dendrite arms).

In Figure 9, the cell spacing ranges from 3.9 lm at
8000 K s�1 to 1.7 lm at 90,000 K s�1. The secondary
dendrite arm spacing varies from 4.0 lm at 200 K s�1 to
1.4 lm at 7000 K s�1. These data compare well to
similar data for 201 stainless steel.[43] Additionally, the
measured cell and secondary arm spacings from the
literature for Alloy 690 showed cell and dendrite arm
spacings of about 4 lm for comparable heat inputs.[8,10]

The data points shown in Figure 9 represent a combi-
nation of 87 and 58 linear intercept measurements for
cells and dendrite arms, respectively. The standard
deviations for the measurements vary from 0.06 to
1.01 lm. Median standard deviations are 0.35 and
0.28 lm for cell and secondary dendrite arm spacings,
respectively, and are comparable to the standard devi-
ations of similarly sized stainless steel spacing measure-
ments.[35]

The following relations give the size of the solidifica-
tion structures in microns as a function of cooling rate
(K s�1) in the general form k = b(GR)n, based on the
fitted lines in Figure 9

kCS ¼ 60:6 GRð Þ�0:31; ½7�

kDAS ¼ 17:9 GRð Þ�0:29; ½8�

where kCS is the cell spacing and kDAS is the secondary
dendrite arm spacing. These cooling rate relations are
much more precise than any heat input relations since,
as demonstrated previously, the cooling rate can vary
significantly as a function of position in a weld pool for
any given heat input. These data are not limited to just
laser welding and can be applied to various processes
that require or incorporate solidification processing,
including casting, conventional arc welding, and other
high energy beam processes.

D. Morphology of the Solidification Structures

The parameter G/R, which determines the morphol-
ogy of the solidification structure, can be calculated and
correlated to the experimental microstructure in the
fusion zone. In the fusion zone, the solidification
structure consisted mostly of cells and columnar den-
drites since significant amounts of equiaxed dendrites
and planar solidification were not observed. The area
fractions of cells and columnar dendrites were measured
by optical microscopy. The values of G/R were
correlated with the observed solidification structure in
the fusion zone. The computed G/R values were
13 K s mm�2 or lower in all areas where columnar
dendrites were observed. Similarly, the computed G/R
values were 21 K s mm�2 or higher where cellular
structure was observed. The transition between colum-
nar dendrites and cellular structure occurred between 13
and 21 K s mm�2. By using the value of G/R that
corresponds to the cells and columnar dendrites, the
area fractions of the two solidification structures in the
transverse cross-section of the weld can be calculated.

Table III. The Values Necessary for the Undercooling Calculation are Given

D Ref. [40] G/R mL Ref. [41] R r Ref. [38] k Ref. [41] C0 u Ref. [38]

5 9 10�9 (m2 s�1) 106 (K s m�2) �2 (K/wt pct Cr) 0.034 (m s�1) 5 9 10�8 (m) 0.55 30 (wt pct Cr) 10�7 (K m)

Fig. 9—The measured cell spacing (circles) and secondary dendrite
arm spacing (squares) are shown as a function of calculated cooling
rate. The 201 stainless steel[43] system is shown for comparison.
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A transverse cross section of the fusion zone is shown
in Figure 10. If the G/R value is less than the critical
value for the transition from dendrites to cells, then the
y–z face of the control volume is assigned to the dendrite
area, or D in the schematic. In this way the total area of
cells and dendrites is determined. The area fractions are
the areas of cells or dendrites divided by the total area.
Figure 11 shows the experimental and calculated fusion
zone area fractions of columnar dendrites with two
different critical G/R values. Only the fraction of cells
and columnar dendrites are considered, since significant
amounts of equiaxed dendrites and planar solidification
were not observed. For the conditions examined in this

study, the area fraction of columnar dendrites barely
exceeds 0.5 for a laser power of 4.7 kW. The model
calculations and experimental measurements agree.
The size and morphology of the solidification struc-

tures within the experimental welds have been correlated
to calculate solidification parameters. A solidification
map for Alloy 690 can now be constructed to predict the
solidification morphology and the scale of the structure.
This map is shown in Figure 12. The solid straight line
delineates the cellular and columnar dendritic regions of
the map. Cooling rates are represented by the dashed
curved lines and show the cell spacings and secondary
dendrite arm spacings calculated from Eqs. [5] and [6],
respectively. This map has a number of practical
applications. For any given welding parameters, the
minimum size of secondary arm spacings can be
determined immediately based on the welding speed
since the solidification rate can not exceed the welding
speed. For example, if the welding speed is set to
25 mm s�1, then a secondary arm spacing of 1.3 lm is
possible, while a value of 1.0 lm is not. On the other
hand, cell spacings greater than 2.6 lm would be
expected for most of the weld, where the temperature
gradient is 1000 K mm�1 or less. Spacings less than
2.6 lm would be confined to high temperature gradient
and cooling rate regions, such as the root of the weld
and near the fusion line. In addition, the wide range of G
and R values makes the map applicable to any process,
where solidification processing of Alloy 690 is necessary.

IV. SUMMARY AND CONCLUSIONS

The solidification parameters of Inconel� Alloy 690
during keyhole mode laser welding have been calculated
using a mathematical model, and correlated with exper-
imentally determined solidification structure. The large
variation in the solidification parameter values in the
fusion zone of the laser welds allowed for the construction

Fig. 10—A schematic of the calculated fusion zone shows how the
area fractions of cells and dendrites are calculated. If the calculated
G/R value of a given control volume is greater than the critical
value, then the area of the y–z face is assigned to the cell area frac-
tion. Otherwise, the area is added to the dendrite area fraction.

Fig. 11—A comparison between the calculated and experimental
area fractions of columnar dendrites shows good agreement. The dif-
ferent G/R values represent the lowest value at which cells were
observed and greatest value where columnar dendrites were observed.

Fig. 12—The solidification map shows the transition from cellular to
columnar dendritic morphology with various cooling rates. Along
each cooling rate is the cell spacing and secondary dendrite arm
spacing, which are determined from Eqs. [5] and [6]. With this map
the scale and morphology of the solidification structures can be pre-
dicted quantitatively.
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of a solidification map that describes the scale and
morphology of the solidification structures for given
values of G and R.

1. A large spatial variation of the calculated solidifica-
tion parameters was observed. Along the central
longitudinal plane, the G/R value could vary up to
five orders of magnitude. In both the transverse
cross section and the central longitudinal plane,
increases in laser power lead to a significant
increase in the spatial variation of the solidification
parameters.

2. The measured cell and secondary dendrite arm
spacings were correlated to the calculated solidifica-
tion parameters and expressed as functions of cool-
ing rate in the form k = b(GR)n. These expressions
can be applied for a variety of welding processes
and conditions. G/R values of 13 and 21 K s mm�2,
which are associated with the transition from cellu-
lar to columnar dendritic solidification structures,
were used to calculate the dendrite area fractions,
which agreed with the measured values.

3. A map of solidification scales and morphologies for
Alloy 690 was constructed based on the data pre-
sented in this work. The cell and dendrite arm sizes
and the cellular and dendritic morphology regions
are plotted as a function of the temperature gradi-
ent, G, and the solidification rate, R. The utility of
the map was highlighted by describing how mini-
mum secondary dendrite arm spacings can be
selected based on the welding speed. Due to the
large range of G and R values captured in these
keyhole mode laser welds, the map has very wide
applicability to a range of materials processes from
casting to arc and laser welding.
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Real time monitoring of laser beam welding
keyhole depth by laser interferometry

J. J. Blecher*1, C. M. Galbraith2, C. Van Vlack3, T. A. Palmer4, J. M. Fraser2,
P. J. L. Webster3 and T. DebRoy1

The utility of a new laser interferometric technique, inline coherent imaging, for real time keyhole

depth measurement during laser welding is demonstrated on five important engineering alloys.

The keyhole depth was measured at 200 kHz with a spatial resolution of 22 mm using a probe

beam, which enters the keyhole coaxially with the process beam. Keyhole fluctuations limited

average weld depth determination to a resolution on the order of 100 mm. Real time keyhole depth

data are compared with the weld depths measured from the corresponding metallographic cross-

sections. With the exception of an aluminium alloy, the technique accurately measured the

average weld depth with differences of less than 5%. The keyhole depth growth rates at the start

of welding are measured and compare well with order of magnitude calculations. The method

described here is recommended for the real time measurement and control of keyhole depth in at

least five different alloys.

Keywords: Laser keyhole, Welding, Weld monitoring, Laser interferometry, Keyhole depth, Keyhole growth rate

Introduction
The ability of lasers to produce deep penetration welds
in thick plates of 20 mm and more depends on the
formation of a stable keyhole.1–5 At present there is no
widely accepted technique for the real time measurement
of keyhole depth during laser welding. While X-ray
videography views the keyhole directly in plates thin
enough to allow X-ray transmission,6 the technique is
not generally used outside a laboratory environment.
Mathematical modelling of heat transfer can predict
steady state keyhole depths for various materials7,8 but
requires access to a rigorously validated numerical
model. Popular methods for monitoring depth and
porosity generation rely on indirect observation of the
keyhole behaviour, such as capturing the optical9,10 and
acoustic11,12 signals produced by vapour escaping the
keyhole.13,14 Other techniques include measuring plasma
charge,15 viewing the weld with cameras,10,16,17 or
utilising a combination of sensors.10,17 Owing to their
nature, however, indirect measurements are subject to
numerous difficulties, requiring additional calibration
each time a process or material parameter changes. A
need exists for a direct measurement of keyhole depth
with a high degree of process flexibility.

Recently developed inline coherent imaging (ICI)

directly measures the keyhole depth in real time.18–20

The high quality spatial and temporal resolution

inherent in this technique can capture keyhole depth

changes smaller than 10 mm over time periods shorter

than 10 ms.20 ICI is an interferometric technique that

directs a probe beam coaxially with the process beam

into the keyhole. As long as a keyhole is present, ICI

can directly measure the keyhole depth in any partial

penetration weld regardless of other process parameters.

For example, ICI has been used to measure the drill

hole depth in ferrous alloys during laser machining,18,19

and its application in laser welding is just beginning.20

In this paper, the utility of ICI to provide real time

measurements of keyhole depth is demonstrated in DH36

steel, 304 stainless steel, InconelH Alloy 690, Ti–6Al–4V,

and 2219 aluminium alloys. A wide range of industries,

including construction, energy, aerospace, and automo-

tive, utilise and join the alloys used in this study or

compositionally similar alloys. Keyhole depth measure-

ments are performed for each alloy and compared with

metallographic cross-sections. The initiation and growth

of the keyhole at the beginning of welding for the five

alloys are also studied with ICI. These data allow direct

measurement of the keyhole growth rates in the first 5 ms

of welding with unprecedented temporal resolutions on

the order of 5 ms. The keyhole growth rates are estimated

using energy balance between the laser energy and the

energy necessary to evaporate the liquid metal. The

theoretical growth rates show order of magnitude

agreement with the measured rates, indicating the

measured growth rates are realistic.
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Experiments
An IPG Photonics YLS-1000-IC laser with a 100 mm core
process fibre coupled to a Laser Mechanisms AccuFiber
head with a 60 mm focal length collimator and a 150 mm
focal length lens were used to produce bead on plate welds
on DH36 steel, 304 stainless steel, InconelH Alloy 690, Ti–
6Al–4V, and 2219 aluminium alloys. The nominal
compositions are given in Table 1. A laser power and
welding speed of 1?1 kW and 25 mm s21 respectively,

was used with coaxial argon shielding gas for the welding

experiments. The focus of the process beam was located at

the surface of the material for all experiments. During

welding, ICI data were collected in real time. After

welding, six transverse sections were prepared from each

weld using standard metallographic techniques. A Nikon

DS-Fi2 camera attached to a Nikon Epiphot microscope

and Nikon NIS Elements software captured micrographs

of the welds.

Table 1 Compositions of various alloys that were welded in this study are given

Alloy Fe C Mn Si Cr Ni Ti Al V Cu

DH36 Bal. 0?18 1?25 0?30 0?25 0?40 … … 0?10 0?35
304 Bal. 0?08 1?50 2?00 20?00 10?00 … … … …
Alloy 690 10?00 0?03 0?19 0?08 30?00 Bal. … … … …
Ti–6Al–4V 0?30 0?10 … … … … Bal. 6?00 4?00 …
AA 2219 … … 0?30 … … … 0?06 Bal. 0?10 6?30

1 Metallographic cross-sections of a DH36 steel, b 304 stainless steel, c alloy 690, d Ti–6Al–4V, and e 2219 aluminium

are shown: each weld was created with laser power of 1?1 kW and welding speed of 25 mm s21
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Detailed descriptions of ICI are available in the
literature,18–20 so only a brief discussion of the important
features is given here. ICI utilises a Michelson inter-
ferometer construction with a reference and probe beam,
using a superluminescent diode with a wavelength of
843 nm and FWHM of 20 nm as the light source. The
probe beam is directed through the same optics as the high
power process beam and into the keyhole, where the probe
beam reflects off surfaces along its path. The reference
beam is set along a path of known distance with app-
ropriate dispersion matching optics. The two beams are
recombined and directed to a spectrometer, which collects
the interference pattern (measured integration time:
1?5 ms). The positions of the scattering surfaces along
the laser axis are determined with a resolution of 22 mm
from the spectral interference pattern. After sampling of
the interference pattern at 200 kHz over the length of the
weld, the keyhole depth as a function of position is
determined.

Results and discussion
Autogenous bead on plate laser welds were made on five
alloys while simultaneous ICI measurements were
conducted. The metallographic cross-sections for each
weld are shown in Fig. 1. Keyhole mode welding was
achieved for each alloy, and with the exception of the
high thermal conductivity aluminium alloy, the typical
wineglass shape is apparent. The weld depths in DH36
steel, 304 stainless steel, Alloy 690, and Ti–6Al–4V
appear to be very similar. However, the width of the
titanium weld is greater than the others.

An example of the real time ICI measured keyhole
depth in Alloy 690 along the length of the weld is shown
in Fig. 2. The small panel on the left of the figure shows
a small portion of the pre-scan, which gives the position
of the surface, shown as the black line at the top, and is
necessary to acquire absolute keyhole depth measure-
ments with the greatest possible accuracy. The faint
signal around 2400 mm depth in the pre-scan is due to an
imaging artifact and does not represent a real scattering
surface. The large image displays both the raw ICI data
and the depth of the keyhole. Dark spots in the image
indicate the position of a reflective interface along the
beam path. Typically, the strongest reflections are from
the molten metal at the bottom of the keyhole, however

due to the dynamic nature of the keyhole shape, scatter
from the keyhole front wall and side wall can be
observed at intermediate depths. Blue points represent
the ICI measured keyhole depth as determined by a
depth tracking algorithm. At distance zero in Fig. 2, the
laser weld starts, and the keyhole depth increases to
2?3 mm once 4 mm of weld length has been fabricated.
Over the course of the weld, the ICI measured keyhole
depth fluctuates between extremes of 2?1 and 2?8 mm,
which represent a maximum change of 22% in the
measured depth of the weld determined from the
metallographic cross-section.

An important issue in any new technique is the
accuracy of the measurements. Figure 3 shows a compar-
ison of the average ICI depth measurements and weld
depths determined by transverse metallographic cross-
sections. The metallographic depths shown in this figure
are an average of six measurements taken at different

2 ICI image of weld in Alloy 690 is presented: left panel

shows height of plate surface determined from pre-

scan measurement: large pane shows raw ICI data

(dark spots) and keyhole depth (blue dots)

3 Comparison of ICI depth measurements and depths

from metallographic cross-sections is shown: ICI weld

depth was averaged from depth tracking algorithm

across entire weld region; black bars represent stan-

dard deviation of depths measured by each technique;

two sets of measurements agree except in case of AA

2219

4 ICI measured keyhole depths during first 5 ms, or

0?125 mm, of welding show how fast keyhole initiates

and grows for each alloy: aluminium 2219 is slowest to

initiate and grow keyhole, while Ti–6Al–4V is fastest
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positions in the weld with the black bars representing one
standard deviation, which is estimated from the same six
measurements. For the ICI data set, the black bars are
given by the standard deviation of measurements taken
over the length of the weld and are representative of real
variation in the keyhole depth. The precision of an
instantaneous ICI keyhole depth measurement is limited
by the axial resolution of the system, which at 22 mm, is
an order of magnitude smaller than the observed keyhole
depth fluctuations. In every case the measured keyhole
depth is slightly smaller than the measured weld depth,
which agrees with modelling results showing that the weld
depth is always slightly greater than the keyhole depth.7,8

With the exception of the 2219 aluminium alloy, very
good agreement is observed between the ICI and the
metallographic measurements across a wide alloy com-
position range, indicating that inline coherent imaging
can be used as a real time process monitoring tool for
capturing keyhole depths. To give a consistent compar-
ison, the same imaging parameters were used for all five
alloys. In the case of aluminium, the high melt reflectivity
resulted in intermittent saturation of the ICI system.
When combined with the large, rapid fluctuations in
keyhole depth characteristic of this alloy, the averaged
ICI depth measurements were biased toward artificially
shallow values. Optimisation of imaging parameters and
algorithmic interpretation of the ICI data is expected to
improve the accuracy in aluminium weld depths.

To demonstrate the spatial and temporal resolution of
the technique, the initial formation and growth of
keyholes are shown in Fig. 4. At time zero, the laser
beam turns on, and processing begins. In aluminium,
there is a 1?6 ms delay between the beam turning on and
a rapid increase in depth at a rate of 0?56 m s21. The
observed delay is consistent with aluminium’s relatively
high reflectivity and thermal conductivity. In the other
alloys during the initial 1 ms of welding, the keyholes
grew at rates between 0?91 and 1?11 m s21. Other
studies have found initial growth rates in 304 stainless
steel21 and Ti–6Al–4V22 for laser powers of 2?3 and
8?7 kW to be 1?50 and 0?66 m s21 respectively, when
measured with X-ray transmission videography, which
has temporal resolutions21,22 of 200 ms, compared to the
5 ms achieved here. The difference in temporal resolution
is important for two reasons in this case. First, a more
accurate determination of the onset of keyhole forma-
tion can be made for the aluminium alloy. Second, the
growth rates in the other four alloys can be differ-
entiated. With X-ray transmission videography, the
growth rates in steel, stainless steel, Alloy 690, and Ti–
6Al–4V would have appeared the same. Unfortunately,
the accuracy of the X-ray and ICI keyhole depth
measurement techniques cannot be compared since this
information was not given in the studies of X-ray
transmission videography.

Order of magnitude keyhole growth rates can be
estimated by equating the laser energy absorbed by the
workpiece and the energy necessary to evaporate the
liquid metal at any point on the vaporising surface. This
theoretical growth rate is

u~
gIL

rDHv

(1)

where g is the absorptivity of the liquid metal, IL is the
peak intensity of the laser, approximately 130 kW mm22,
r is the density of the liquid metal, and DHv is the latent
heat of vaporisation. The necessary material properties
and the measured and calculated growth rates are shown
in Table 2. The order of magnitude estimates agree with
the ICI measured keyhole growth rates in DH36 steel, 304
stainless steel, Alloy 690, and Ti–6Al–4V, indicating that
the scale analysis can be used to estimate the keyhole
growth rates in these alloys when the relevant process
parameters and material properties are known. In the
case of aluminium alloy 2219, the ICI measured keyhole
growth rate was lower than that estimated by scale
analysis assuming no heat loss. The comparison shows
considerable heat loss by conduction in the alloy.

Conclusions
The application of inline coherent imaging to keyhole
depth monitoring in laser welding has been demon-
strated. The findings from this work are listed below.

1. Real time keyhole depth measurements from
autogenous bead on plate welds of five alloys were
compared to depths from metallographic transverse
cross-sections. The two sets of data show good agree-
ment, indicating that the technique can be applied to a
wide range of different alloys and maintain the ability to
measure the keyhole depth in real time.

2. The initiation and growth of the keyholes was
investigated with real time measurements. The observed
keyhole growth rates between 0?56 and 1?11 m s21

compare well to previous measurements, which used
X-ray videography. The initial keyhole growth rates
measured by the inline coherent imaging technique agree
well with the corresponding values estimated by scale
analysis.
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Table 2 Material properties used in heat balance and measured and calculated keyhole growth rates are given

DH36 304 S.S. A690 Ti–6Al–4V AA2219

Absorptivity g 0?33 0?32 0?29 0?31 0?19
Density r/kg m23 7050 7070 7480 3970 2560
Heat of Vaporisation DHv/kJ kg21 6260 6330 6450 8810 10 720
Measured growth rate u/m s21 0?91 1?09 0?98 1?11 0?56
Calculated growth rate u/m s21 0?97 0?93 0?78 1?15 0?90
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Introduction

     High-power laser and hybrid laser-
arc welding (Refs. 1– 5) offer faster
welding speeds, lower heat inputs, and
deeper penetration over traditional arc
welding processes in a range of differ-
ent construction and fabrication in-
dustries (Ref. 6). However, these
processes are also susceptible to
unique defects associated with their
high aspect ratio and deep penetra-
tion. Two of the most common of
these defects include porosity from
keyhole instability in partial-penetra-
tion welds (Refs. 7–9) and complete-
joint-penetration welding root defects.
The latter defect has also been called

chain of pearls (Ref. 10), dropping
(Ref. 11), and root humping (Ref. 12).
and is characterized by the formation
of weld metal spheroids at the bottom
surface of a complete-joint-penetra-
tion weld. An example of root defects
in a DH36 steel hybrid laser-arc weld is
shown in Fig. 1A. As higher laser pow-
ers become available and deeper pene-
trations are obtained, these defects
will become more problematic, and a
deeper understanding of the mecha-
nisms driving these defects will be
necessary to take advantage of these
high laser powers.
     Root defects have been character-
ized at both high (Refs. 13–16) and
low (Refs. 11, 13, 17, 18) heat inputs.

Consequently, changes in laser power
or welding speed resulted in the ap-
pearance or disappearance of root de-
fects. For example, in 304 stainless
steel, Zhang et al. (Ref. 14) and Kaplan
and Wiklund (Ref. 16) found that root
defects occur at lower welding speeds
(i.e., higher heat input) during laser
welding of 12- and 16-mm-thick
plates, respectively. In other cases, in-
creasing the heat input leads to accept-
able welds. Havrilla et al. (Ref. 11) in-
creased the laser power by 1 kW from
7.75 to 8.75 kW at a constant welding
speed to eliminate root defects in 12-
mm-thick steel. Ilar et al. (Ref. 12) em-
ployed high-speed imaging to study
the formation of root defects in real
time during the laser welding of 8-
mm-thick 304 stainless steel plate.
The high-speed videos showed the ini-
tiation of bulges immediately behind
the keyhole, and these bulges would
occasionally build up and solidify as
root defects. Ilar et al. (Ref. 12) con-
cluded that gravity, surface tension,
and melt availability play a role in the
formation of root defects. 
     One method for avoiding root de-
fects is supporting the weld pool from
the bottom through the use of electro-
magnetic forces from an oscillating
magnetic field (Refs. 15, 19, 20). Bach-
mann et al. (Refs. 15, 20) comple-
mented physical experiments by utiliz-
ing a 3D numerical heat transfer and
fluid flow model to calculate the EM
forces necessary to balance the hydro-
static pressure, which promoted root
defects in 10- and 20-mm-thick steel
and aluminum plates, respectively.

Mitigation of Root Defect in Laser and 
Hybrid Laser­Arc Welding 

A model is developed that predicts the range of processing conditions that 
produce defect­free, complete-joint-penetration welds

BY J. J. BLECHER, T. A. PALMER, AND T. DEBROY

ABSTRACT
     Even though laser and hybrid laser­arc welding processes can produce single­pass,
complete­joint­penetration welds in excess of 12 mm, root defects, such as root hump­
ing, have been observed at these greater plate thicknesses. The competition between
the surface tension and the weight of the liquid metal in the weld pool is expected to
govern root­defect formation. A series of laser and hybrid laser­gas metal arc welds has
been completed in which each force is independently varied. The internal morphologies
of the resulting root defects are characterized by X­ray computed tomography and
found to vary significantly when welding with either the laser or hybrid laser­arc
process. In order to compute the surface tension and liquid metal weight, a model
based on the approximate geometry of the weld pool is developed and successfully
predicts the range of processing conditions where root defects form. Process maps are
then constructed for low­carbon steel and 304 stainless steel alloy systems. These maps
can then be used to select welding parameters that produce defect­free complete­joint­
penetration welds over a wide range of plate thicknesses.
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However, the predicted EM force val-
ues were slightly less than the experi-
mental values necessary to hold the
liquid in place since only the weight of
the liquid metal column above the bot-
tom pool surface was taken into ac-
count. While EM support can be used
to weld thick sections, utilizing the
process in a production environment
may not be practical, and the applica-
tion of EM forces can change the fluid
flow patterns during welding (Ref. 20).
Therefore, it is necessary to develop a
deeper understanding of the condi-
tions that promote root defect forma-
tion in order to intelligently select
welding parameters that suppress it.
     In this paper, the formation of root
defects is investigated for laser and hy-
brid laser-arc welding under a variety of
welding conditions. For the first time,
the 3D internal structure of the root de-
fect nuggets in a structural steel plate
weld was characterized by X-ray-com-
puted tomography (CT) and was found
to depend on the welding process em-
ployed. The melt volume and the sur-
face tension of the molten DH36 steel
were independently varied to determine

the effect of each on root defect forma-
tion. Melt volume was varied by chang-
ing the heat input of the welds, and sur-
face tension was altered by removing
the oxide scale on the bottom surface of
the plate prior to welding. Increasing
melt volume or decreasing surface ten-
sion led to root defects being formed. In
order to quantify each effect, a force bal-
ance considering the weight of the liq-
uid steel and the surface tension at the
weld root is developed for an idealized
weld pool and used to determine the
conditions for the formation of root de-
fects. Process maps for defect-free, com-
plete-joint-penetration laser welds, for
which substantial experimental results
have been reported, and selected hybrid
laser-arc welds were developed for low-
carbon steel and 304 stainless steel.

Experimental Methods

     Bead-on-plate laser and hybrid
laser-arc welds were performed on 4.8-
and 9.8-mm-thick DH36 steel plate.
An IPG Photonics® YLR-12000-L yt-
terbium fiber laser with a Precitec®
YW50 welding head was used for laser

A

B

C

Fig. 1 — A— The typical weld root defects formed during hybrid laser­gas metal arc
welding with a laser power, welding speed, and welding wire feed rate of 5 kW, 30
mm/s, and 229 mm/s, respectively; B — the roots of hybrid welds made under identical
process conditions (welds 7, 8) without bottom surface oxide scale; C — with bottom
oxide scale. On the plate with scale, root defects formed due to the low surface tension.

Fig. 2 — A — A comparison of the
transverse hybrid weld (welds 7, 8)
cross sections with identical welding
conditions with the exception of bot-
tom surface oxide scale, which was not
present; B — the bottom surface oxide
scale was present. The sizes of the
welds are similar, suggesting that the
weight of the liquid metal is similar and
that the reduction in surface tension is
due to the oxide scale presence, which
led to the root defects.

Table 1— Welding Conditions for LBW and HLAW Welds

Weld Number Oxide Removed Welding Process Plate Thickness (mm) Root Defects Weld Speed (mm/s) WFS (mm/s)

1 no LBW 4.8 no 30 —
2 no LBW 4.8 no 40 —
3 no LBW 9.5 yes 15 —
4 no HLAW 4.8 yes 30 127
5 no HLAW 4.8 yes 30 152
6 no HLAW 4.8 yes 30 229
7 yes HLAW 4.8 no 40 127
8 no HLAW 4.8 yes 40 127

Note: Oxide removed refers to the bottom surface oxide scale being removed.

A

B
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welding. The optics system utilizes col-
limating and focusing lenses with 200-
and 500-mm focal lengths, respective-
ly. The 1-m laser wavelength is trans-
ported to the welding head through a
200-m-diameter process fiber. The
focused spot size and full divergence
angle were measured with a Primes®
Focus Monitor and are 0.52 mm and
64 mrad, respectively. A Lincoln Elec-
tric® Power Wave 455 M/STT power
source with a Binzel® WH 455D water-
cooled welding gun was used with ER

70S-6 welding wire for the hybrid
welding experiments. 
     In both the laser and hybrid laser-
arc welding processes performed here,
laser power, defocus, laser-arc separa-
tion distance, and arc voltage were
kept constant at 5 kW, 8 mm, 3 mm,
and 31 V, respectively, while wire feed
speed, arc current and travel speed
were varied when welding on 4.8-mm-
thick plate. A positive 8-mm defocus
indicates that the position of focus is
above the plate. When welding on a
9.8-mm-thick plate, 7-kW laser power
and zero defocus were selected. Addi-
tionally, to test the effect of the oxide
presence on the bottom surface, two
types of plate were used, one with only
the top surface of the plate sand blast-
ed to remove the oxide. The other

plate had the oxide removed on both
sides. A summary of the welding pa-
rameters is given in Table 1. Oxide re-
moved refers to whether the oxide
scale was removed on both sides prior
to welding. The welding processes
were laser beam welding (LBW) and
hybrid laser-arc welding (HLAW).
Standard metallographic techniques
were used to inspect the transverse
cross-sections of the welds.
     X-ray CT images were captured with
a General Electric® v|tome|x CT sys-
tem. The accelerating voltage and cur-
rent for each scan were 280 kV and 180
A, respectively. The voxel (i.e., 3D pix-
el) size with a magnification of 20×was
50 m. DatosX® software handled the
reconstruction of the individual X-ray
images to produce the 3D image. The
defect detection module in the Volume
Graphics® VGStudio Max software was
used to highlight the internal pore
structure of the weld defects.

Results and Discussion

Root Defect Formation and 
Characterization

     Based on previous research (Refs.
12, 15, 19, 20), surface tension and
weld pool volume are thought to play a
part in the formation of root defects.
The surface tension at the bottom of
the plate will restrain the liquid metal
in the weld pool and discourage root
defect formation. On the other hand,
the weight of the molten metal in the
weld pool will act to promote the for-
mation of root defects. The competi-
tion between these two forces will de-
termine whether defects will form. 
     In order to investigate the relation-
ship between the surface tension and
weld pool volume, both were inde-
pendently varied during welding ex-
periments. The presence of oxygen in
molten iron has a significant effect on
the surface tension. At high oxygen
contents between 0.06 and 0.1 wt-%,
the surface tension of liquid iron is
lowered by 50% or more (Ref. 21) of
its oxygen-free value, 1.91 N/m (Ref.
22). Oxygen content can be controlled
indirectly by the removal of the oxide
scale, which is present on both sur-
faces of the plate. In these experi-
ments, welds with a high surface ten-
sion were ensured by first removing
the oxide scale from both surfaces of

Fig. 3 — The transverse weld cross sec­
tions for: A — A laser weld (weld 1); B
— a hybrid weld (weld 4) are shown.
The laser conditions are the same, but
the hybrid weld has increased heat
input, larger amount of melted volume,
and greater weight that must be sup­
ported by the surface tension force.

Fig. 4 — The internal structure of root
defects in: A — Hybrid laser­gas metal
arc weld in 4.8­mm­thick plate (weld
6). The direction of welding is indicated
by the arrow. The strands of porosity
that stretch from the bottom of the
plate and connect in the center of the
defect were common in all the hybrid
welds where root defects formed; B —
laser weld in 9.5­mm­thick plate (weld
3) as determined by X­ray computed
tomography. Only individual pores are
observed. Evidence of gouging due to
material loss to root defects can be ob­
served at the top of the plate.

A

B

B

A
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the steel plate. Low surface tension
weld pools were acquired by only re-
moving the oxide scale from the top
surface and not grinding the bottom
surface. Oxygen pickup is a contribu-
tor but not the sole source of root de-
fects. In this case, the oxide scale acts
as a source of oxygen that leads to a
lower surface tension of the molten
metal at the root of the weld but is not
a necessary condition for root defect
formation. The volume of the weld
pool was varied by increasing the heat
input by transitioning from laser to
hybrid laser-arc welding or by increas-
ing plate thickness. Higher heat inputs
and greater plate thicknesses produce
more molten metal during complete
joint penetration welding. 
     In examining the effect of lower
surface tension, hybrid welds (welds 7,

8) were made under the
same conditions, with the
exception of the oxide
scale presence on the bot-
tom surface. The weld
with scale (weld 8)
formed root defects most
likely because the re-

straining surface tension force was
much lower due to the increased oxy-
gen content. On the other hand, the
weld without scale (weld 7) formed no
root defects. A comparison of the bot-
tom surfaces and transverse weld cross
sections are shown in Fig. 1B, C and
Fig. 2, respectively. In Fig. 1, irregular-
ly spaced root defects can be observed
in the weld with bottom surface oxide
scale. While the weld without scale
contains some reenforcement on the
bottom surface, there are no observ-
able defects. As can be observed in Fig.
2, root defects have a profound effect
on the weld cross section. The weld
without scale has a clearly identifiable
arc zone at the top, which is much
wider than the rest of the weld. In the
weld with scale, the weld width is

much narrower, and the complex
shape of the porosity in the root de-
fect nugget is observable. Eleven hy-
brid welds were made with and eight
hybrid welds made without bottom
surface oxide scale. In all cases, the
welds without bottom surface scale
did not form root defects, while those
with scale did form defects.
     The effect of heat input and liquid
metal volume on the root defect for-
mation was investigated next for a se-
ries of welds made at a travel speed of
30 mm/s. As shown in Table 1, the
laser weld (weld 1) has a heat input of
167 J/mm, while the hybrid welds
(welds 4–6) had estimated heat inputs
between 426 and 695 J/mm. The
higher heat inputs should increase the
size of the weld pool, which will in-
crease the overall weight that must be
balanced against the surface tension
force at the bottom of the pool. At the
lowest heat input, there were no root
defects, but defects formed at the high
heat inputs. The effect of heat input
on the size of the weld and amount of
material melted can be observed in

Fig. 6 — Process maps for: A — Low-carbon steels; B — 304 stainless steel
— were constructed from available reports of laser welding and cutting
experiments. The maps indicate with what processing conditions accept-
able complete penetration welds can be made with respect to other inter-
action modes.

Fig. 5 — The comparison of surface tension force and
weight force for the experimental welds considered. The
numbers next to each weld indicate the processing con-
ditions as shown in Table 1. Compared to experimental
results, all the welds are found to be on the correct side
of the Fg = Fs line.

Table 2 — Average and Standard Deviations of Three Measurements for the Top Surface and Bottom Surface Weld Width and Weld Length and the 
Estimated Arc Force

Weld Number D (mm) d (mm) l (mm) Arc Force (mN)

1 2.2 ± 0.1 1.6 ±0.2 3.7 ± 0.8 0.0
2 1.9 ± 0.2 1.5 ± 0.1 3.4 ± 0.7 0.0
3 4.2 ± 0.2 2.5 ± 0.1 6.9 ± 0.6 0.0
4 4.9 ± 0.2 2.5 ± 0.1 13.8 ± 0.7 9.0
5 6.4 ± 0.9 2.6 ± 0.3 17.0 ± 2.3 39.4
6 7.8 ± 0.4 3.3 ± 0.4 28.6 ± 1.8 74.3
7 6.1 ± 0.3 2.2 ± 0.3 15.8 ± 2.2 14.0
8 3.9 ± 0.5 2.0 ± 0.2 8.4 ± 2.2 14.0

A B
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Fig. 3, which shows the transverse
weld cross sections of the laser weld
(weld 1) and the lowest heat input hy-
brid weld (weld 4). The hybrid weld is
much larger in terms of cross-sectional
area compared to the laser weld, and
the high pool volume combined with
the suppression of surface tension
from the bottom surface scale promot-
ed the formation of root defects.
     Postweld observation showed that
some of the defect nuggets were miss-
ing portions of the outer wall, which
can be seen in one of the nuggets of
Fig. 1C and indicates that porosity
may be present. In Figs. 2 and 3, mi-
crographs show complex pore shapes.
The internal structure of the root de-
fect nuggets was characterized with X-
ray CT, which nondestructively evalu-
ates internal defects by differentiating
regions of different density. Within a
metal structure, pores appear brighter
since fewer X-rays are absorbed. 
     Typical internal structures of root
defects formed during hybrid laser-arc
welding and laser welding are shown
in Fig. 4. The porosity is represented
by the yellow colored shapes within
the defects. The large pore in the hy-
brid weld is fully interconnected. Eight
arms start at the edges of the weld and
extend down to the bottom of the root
defect nugget where they connect to a
large central pore. This interconnected
porosity contrasts with pores shown in
Figure 4B for a laser weld fabricated in
thicker plate. In this defect, there is
only a dispersion of smaller spherical
pores, which are only present in the
top half of the defect. Large gouges in
the top surface resulting from the loss
of material to the defect are also visi-
ble in Fig. 4B.
     Clearly, the laser and hybrid weld-
ing processes produced different pore
shapes and sizes within the weld de-
fects. Typically, in laser welding
processes, where large spherical pores
are present, keyhole collapse (Ref. 7)
results in pores centered on the laser
beam axis. Based on video evidence of
root defects forming and growing
along the length of the pool away from
the keyhole (Ref. 12) and X-ray CT im-
ages of complex pore networks and
different characteristics for different
welding processes, keyhole dynamics
probably cannot be used to explain the
porosity structures within the weld de-
fect nuggets. The most likely explana-

tion is that the additional forces in arc
welding, such as the arc pressure and
droplet impact force, led to the net-
work of pores observed in Fig. 4A.

Mechanism of Root Defect Formation

     The formation of weld root defects
can be viewed as a force balance be-
tween the weight of the liquid metal in
the weld pool and the surface tension
force. A model has been developed to
calculate the magnitude of each force
and utilizes an approximate weld pool
shape and measured weld bead dimen-
sions. The details of the model are given
in Appendix A. The results of the force
balance between weight and surface
tension are shown in Fig. 5. The num-
bers next to each point indicate which
weld is plotted. Error bars represent the
spread in values calculated with the un-
certainty for each measured dimension
given in Table 2. The model is physically
consistent, since as heat input increas-
es, the calculated values for weight due
to gravity and surface tension force also
increase. The Fg = Fs line defines the
boundary between regions where root
defects will (to the right of the line) and
will not (to the left of the line) occur.
     The laser welds (welds 1–3) have
the lowest weight forces (i.e., points
farthest to the left in Fig. 5) due to the
low heat input of the laser and the re-
sulting small pool volumes compared
to hybrid welds. Laser welds fabricated
on 4.8-mm plate (welds 1, 2) did not
form a defect since the surface tension
force of 4 mN easily restrained the
weight force of 1 mN. However, when
complete joint penetration laser welds
were made on thicker plate of 9.5 mm
(weld 3), the weight force increased to
7.5 mN and exceeded the surface ten-
sion of less than 7 mN, and defects
formed. The force balance captures the
difference in plate thicknesses and
predicts the observed outcome for the
laser welds. 
     For the laser and hybrid laser-arc
welds with the same 30 mm/s welding
speed (welds 1, 4–6), the model predicts
increasing weight due to gravity from 1
to 23 mN due to increasing heat input,
but the surface tension only increased
from 4 to 9 mN. The model predictions
for these welds agree with the experi-
mental observations. The force balance
also captures the differences in welds on
plates with and without bottom surface

oxide and identical process conditions
(welds 7, 8) with similar weight forces of
8 and 10 mN, respectively. With the
presence of the oxide scale, though,
weld 8 possesses only 40% of the sur-
face tension force of weld 7, which had
no oxide scale. As a whole, agreement is
good between the observed and predict-
ed formation of root defects with all of
the green symbols, indicating no ob-
served root defects, falling above the Fg
= Fs line and all the red symbols, indicat-
ing observed defects, below the same
line. These results indicate that repre-
sentation of the root defect formation
phenomenon as a quantitative force bal-
ance between weight and surface ten-
sion allows for a qualitative prediction
of an important welding defect.

Process Maps for Complete Joint 
Penetration Laser Welding

     The results described above indi-
cate that both heat input and plate
thickness affect the formation of root
defects in DH36 steel and are expected
to play a role in other alloys. For given
laser welding parameters, material
properties, and plate thicknesses,
however, the developed model cannot
provide a broader predictive capability
of root defect formation. Additionally,
the process parameters that produce
defect-free complete-joint-penetration
welds are bounded by other laser-
material interaction modes, such as
cutting and partial-penetration laser
welding. In order to address these ad-
ditional complexities, process maps
that tie together laser welding parame-
ters, material properties, heat input,
plate thickness, and laser-material in-
teraction modes are constructed for
different alloy systems. Comparison of
process maps for different alloys
should show where similarities exist
and what conclusions apply across ma-
terial types.
     Process maps have been construct-
ed for laser processing of low-carbon
steels and 304 stainless steel. The
nondimensional heat input per unit
length, which is similar to that used by
De and DebRoy (Ref. 23) includes laser
welding parameters and material prop-
erties and is defined as

(1)2=

η

ρ + Δ π
H*

P
U

(h H ) rv b
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where  is absorptivity, P is laser pow-
er, rb is the laser beam radius at focus,
U is the welding speed,  is the liquid
metal density, h is the enthalpy of the
liquid at the boiling point, and Hv is
the heat of vaporization. Both the nu-
merator and denominator have units
of energy per unit length, J/m. Equa-
tion 1 compares the amount of energy
absorbed from the laser per unit
length in the numerator to the
amount of energy per unit length nec-
essary to heat the alloy from room
temperature to the boiling point (de-
nominator). For the experiments con-
sidered here, H* is typically greater
than one, indicating that absorbed
laser energy is a multiple of the energy
to heat the alloy to the boiling point.
The material property values that were
used to calculate H* for each alloy are
given in Table 3. Estimated resistivi-
ties (Ref. 24) were used to calculate ab-
sorptivity (Ref. 25), and density, en-
thalpy, and heat of vaporization were
obtained from available references
(Refs. 24, 26). 
     When H* is plotted as a function of
plate thickness, four regions defining
cutting, complete-joint-penetration
weld without defects, complete-joint-
penetration weld with defects, and
partial-penetration weld, can be iden-
tified. In the case of cutting low-car-
bon steel or stainless steel in the pres-
ence of oxygen gas, laser energy ac-
counts for approximately half of the
total energy input into the system
with oxidation of liquid iron account-
ing for the other half (Refs. 27, 28).
Other processes, such as hybrid laser-
arc welding, are not considered in
these maps, but as shown previously,
the addition of another heat source
can increase the chances of root defect
formation. 
     The process maps for the laser
welding of low-carbon steel (Refs. 18,
27, 29–53) and 304 stainless steel
(Refs. 14–16, 39, 40, 54–70) are
shown in Fig. 6. Experimental H* data
for cutting, complete-joint-penetra-

tion welds without root defects, and
partial penetration welds are deter-
mined by macrographs of the welds or
explicit statements in the text and
plotted for every material type. Root
defects reported in the literature are
assumed to form because of the com-
petition between the surface tension
and liquid metal weight forces and not
other phenomena, such as keyhole in-
stability, which leads to macroporosity.
The lines defining each region are fit
to the complete-joint-penetration
laser welding data. All the conditions
shown are for a laser only, except as
indicated in Fig. 6A, where a set of hy-
brid laser-GMAW conditions (Ref. 18)
is used to show another case of root
defects in low-carbon steel.
     The points indicating root defect
formation for low-carbon steel in 12-
mm-thick plate (Ref. 31) are situated
close to the cutting-complete joint
penetration transition line. On the
other hand, because of the availability
of data, a line indicating the transition
from defect-free welds to welds with
root defects can be drawn for 304
stainless steel and fully encloses the
complete-joint-penetration laser weld-
ing space for the alloy. According to
the process map, the laser welding pa-
rameters for complete-joint-penetra-
tion welds in excess of 16 mm are very
limited, so only careful selection of
processing parameters can produce a
defect-free weld. For the same space in
low-carbon steel, relatively thick
plates of 25 mm can be welded at
nondimensional heat inputs of less
than 40.
     Comparison of the process maps
shows relatively similar behaviors at
lower heat inputs and plate thickness-
es. This similarity across process maps
is highlighted by the thick solid black
line, which encloses an identical
process space in the defect-free zone,
and can be used to produce defect-free
complete-joint-penetration welds for
each alloy. For example, process pa-
rameters yielding an H* of 12 will pro-

duce a defect-free weld in 8-mm-thick
plate of low-carbon steel and 304
stainless steel. Identical H* values for
plate thicknesses between 3.5 and 10
mm can be used across alloy systems.
The parameters shown in Fig. 6 can
speed process parameter development,
especially in thick plates, where
greater heat inputs lead to longer cool-
ing times between trial welds. For ex-
ample, if laser optics are fixed (i.e.,
minimum laser beam radius cannot
change), then welding engineers can
quickly select nondimensional heat in-
put from Fig. 6 for a given plate thick-
ness and calculate via Eq. 1 the laser
powers and welding speeds that will
produce defect-free, complete-joint-
penetration welds.
     At higher heat inputs and plate
thicknesses, the behaviors of each al-
loy diverge. A very small defect-free
complete-joint-penetration process
space is observed in 304 stainless
steel. The opposite is observed in low-
carbon steels. The process maps indi-
cate that two conditions are necessary
before root defects can form during
laser welding. First, the plate thickness
must be 10 mm or greater. Second, the
nondimensional heat input must be
greater than 16, which is also a mini-
mum value associated with root de-
fects. Once these two conditions are
met, the formation of root defects be-
comes possible. However, as shown in
the process maps, satisfying the condi-
tions does not guarantee root defect
formation. For example, the mean av-
erage H* value for root defect forma-
tion in low-carbon steel and 304 stain-
less steel laser welds is 33, so the
chances of forming root defects in-
creases as the heat input increases.
     From the process maps, 304 stain-
less steel is more susceptible to root de-
fect formation than low-carbon steel.
The reason is the difference in surface
tension, which is 1.91 N/m (Ref. 22)
and 1.17 N/m (Ref. 79) for steel and
stainless steel, respectively. The density
of each liquid alloy is 7030 kg/m3 for

Table 3 — Values Used to Construct the Process Maps

Alloy  – 1m - 10.6 m  (kg/m3) h (kJ/kg) Hv (kJ/kg)

Steel 0.34 0.12 7030 2390 6260
304SS 0.34 0.12 7070 2290 6330

Note: Absorptivity, , depends on the wavelength of the laser beam.
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steel and 7070 kg/m3 for 304 stainless
steel (Ref. 24). Both surface tension and
density should affect the formation of
root defects as shown in Eq. A5 and A7,
and only surface tension is very differ-
ent between the two alloys.
     Close inspection of Fig. 6A, B indi-
cates that root defects are associated
with relatively higher heat inputs. For
low-carbon steel, the root defects in
both laser and hybrid welding condi-
tions are close to the cutting transi-
tion line, indicating high heat input. In
the case of 304 stainless steel, all the
heat inputs associated with root de-
fects are greater than the defect-free
heat inputs for the same plate thick-
nesses, 10, 12, and 16 mm. 
     Some researchers have concluded
that the root defects are associated
with low heat input (Refs. 11, 18, 31).
However, the data compiled in Fig. 6A,
B suggest that the opposite is true. In
cases where lower heat inputs certain-
ly led to root defect formation, it ap-
pears that the researchers were already
operating at a high heat input. For ex-
ample, for 12-mm-thick low-carbon
steel plate (Ref. 31) and nondimen-
sional heat inputs between 35 and 40,
defects formed, but at lower heat in-
puts of 29 and 33 and higher heat in-
puts of 45 and 50 root defects did not
form. Additionally, all of these heat in-
puts are relatively high because com-
plete-joint-penetration defect-free
welds were made at nondimensional
heat inputs as low as 5 and 7 (Ref. 31).
By considering the whole range of
process parameters captured in the
nondimensional heat input parameter,
the fact that root defects are a high
heat input phenomenon becomes clear
and unambiguous.

Summary and Conclusions

     The root defect in complete-joint-
penetration laser and hybrid laser-arc
welding has been experimentally and
theoretically investigated. Welding pa-
rameters, plate preparation, and plate
size were varied to produce welds with
and without root defects. Optical mi-
croscopy and X-ray CT characterized
the internal structure of the defect
nuggets for different welding process-
es. A force balance between the weight
of the liquid metal and the surface ten-
sion was developed to describe the
competing forces driving the onset of

defect formation. Process maps for
two alloy systems have been con-
structed based on the experimental
welding and cutting parameters re-
ported in the literature. The conclu-
sions of this work are listed below.
     1) The qualitative effect of surface
tension and weight of liquid metal on
the formation of root defects was deter-
mined by varying the welding parame-
ters. A decrease in surface tension due
to the presence of oxide scale on the
bottom plate surface led to the defect
formation while no defects formed for
the same conditions on a plate with the
oxide scale removed. Larger weld pools
were formed either by increasing heat
input with the addition of an arc or
laser welding on 9.5-mm-thick plate.
The larger pools led to root defects,
while the laser welds on 4.8-mm-thick
plate formed smaller pools and did not
result in root defects.
     2) With the use of X-ray CT, the in-
ternal structure of defect nuggets
formed during hybrid laser-arc and laser
welding were found to be different. In
hybrid welding, the structure consisted
of a network of large pore strands that
stretched from the edge of the bottom
weld bead to the center of the defect
nugget. On the other hand, defect
nuggets resulting from a laser weld
showed a dispersion of small spherical
pores. The additional arc pressure and
droplet impact forces in hybrid welding
are the likely factors for the difference
in porosity structure.
     3) Based on the observations of
surface tension and weight of liquid
metal, a force balance between the two
was developed for an idealized weld
pool and applied to the experimental
conditions used in the study. The force
balance calculations matched the ex-
perimental observations in terms of
root defect formation for all of the cas-
es considered. The results showed that
the force balance has utility for pre-
dicting the defect formation, assuming
the pool geometry is known or can be
calculated.
     4) The process maps for low-carbon
steel and 304 stainless steel revealed
that identical H* values between 5 and
15 can be used to fabricate defect-free
welds in plate thicknesses between 3.5
and 10 mm for the two alloys consid-
ered. 
     5) The compiled data show that two
conditions, plate thicknesses greater

than 10 mm and H* values greater
than 15, must be met before root de-
fects can form. Consideration of the
heat inputs necessary to form root de-
fects in low-carbon steel and stainless
steel demonstrated that root defects
are a high heat input phenomenon, so
in most cases, reducing heat input will
eliminate defect formation.
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Appendix A

Calculation of Surface Tension
and Liquid Metal Weight

     To calculate the force balance be-
tween surface tension and liquid metal
weight, the approximated weld pool is
split into two general parts as illustrat-
ed in Fig. A1. The leading segment of
the weld pool, where the laser is inter-
acting with the liquid metal, is round-
ed and semicircular in shape and ex-
tends through the thickness of the
plate. The trailing section of the weld,
especially at higher welding speeds,
can take a triangular appearance at the
top surface but does not extend
through the entire plate thickness.
There is some boundary between the
pool and solidified material that ex-
tends from the end of the pool on the
top surface to the edge of the pool on
the bottom surface. Similarly, the vol-
ume of the idealized weld pool, shown
in Fig. A1, is split into two parts, a
cylinder surrounded by half of a trun-
cated cone, which are numbered 1 and
2, respectively, near the heat sources
and an overlapping trapezoid base
pyramid, which is divided between a
rectangular base pyramid (3) and two
triangle base pyramids (4 and 5). This
idealized volume is comparable to nu-
merical modeling results of partial-
penetration laser welds made under
similar conditions with depths of pen-
etration close to the plate thickness
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used here (Ref. 72).
     The various shapes are numbered
as 1) cylinder, 2) truncated cone, 3)
rectangle base pyramid, and 4) and 5)
triangle base pyramid. The volumes
are calculated as (Ref. 73)

V1 = 1⁄4πd2t (A1)

V2 = 1⁄24(πt)(D2 + d2 + Dd)
− 1⁄2V1 (A2)

V3 = 1⁄3dtl − 1⁄2V1 (A3)

V4 = V5 = 1⁄12(D − d)tl (A4)

where d is the bottom surface weld
width, t is the plate thickness, D is the
top surface weld width, and l is the
distance from the position of maxi-
mum weld width to the trailing edge of
the weld pool. Plate thickness is
known, and the top and bottom sur-
face widths can be measured from the
weld bead. The distance, l, can be esti-
mated from the top surface weld bead.
Three measurements were made for
the values D, d, and l in each weld and
are given in Table 2 along with the
standard deviations.
     Most of the liquid steel in the weld
is supported partially by underlying
solid material, which either solidified
or never melted. So, the entire weight
of the liquid metal is not supported by
the surface tension force at the bot-
tom of the pool. This situation is ac-
counted for by assuming each column
of liquid is supported by a surface act-
ing as an inclined plane (Ref. 74). The
volume of liquid unsupported by any
surface is the cylinder lying in the cen-
ter of the truncated cone. The force of
the liquid metal in the idealized weld
pool that must be supported by the
surface tension force is

Fg = g[V1 + (V2 + V4 + V5 + Vs)sin21

+ V3sin22] (A5)

where  is the density of liquid iron,
7200 kg/m3 (Ref. 24), g is acceleration
due to gravity, 1 is the angle that the
cone and the triangle base pyramids
make with the bottom of the plate,
and 2 is the angle that the rectangle

base pyramid makes with the plate
bottom. Vs is a small volume that is
not considered in the five volumes and
is determined by disc integration of
triangle ABC in Fig. 7B. 
     Some of the welds considered are
hybrid laser-arc welds, where filler
metal is added to the molten pool. In
this case, the filler metal was assumed
to be spread evenly over the area of
the idealized weld with each of the five
volumes increasing based on top sur-
face area fractions of each shape. The
volume of filler metal added over the
length of the weld pool is

where vw is the wire feed speed, dw is
the diameter of the filler metal wire,
and U is the welding speed. The first
fraction describes the volume of filler
metal added to the weld per unit time.
The time necessary for the arc to tra-
verse the length of the weld pool is cal-
culated in the second fraction. Addi-
tionally, arc pressure from the plasma
will act on the weld pool during hybrid
laser-gas metal arc welding. The total
arc force has been measured by Lin
and Eagar (Ref. 75) in gas tungsten arc
welds for various torch angles and
welding currents. The estimated forces
(Ref. 75) are listed in Table 2, and
since the arc is located over the rectan-
gle base pyramid, the forces have been
added to the rectangle base pyramid.
     In the above derivations, recoil
force and droplet impact force have
not been taken into account. The re-
coil force results from evaporation at
the molten pool surface, and the
droplet impact force is due to the addi-
tion of liquid metal to the pool from
the consumable electrode. The recoil
pressure is a function of the equilibri-
um vapor pressure, which itself de-
pends on the temperature of the liquid
metal. Using the vapor pressure of liq-
uid iron (Ref. 24), the recoil force (Ref.
76) with a 46 mm2 weld pool surface
area and 2500 K surface temperature
is 0.4 mN. Due to the relatively low
value of recoil force at a fairly high
temperature, the effects of recoil pres-
sure were neglected. Similarly, when

the droplet mass and acceleration are
estimated (Ref. 77) for the welding
conditions studied, the maximum
force is less than 1 mN, which is negli-
gible compared to the other forces.
     The surface tension force is the re-
straining force that holds the liquid
metal in the pool and prevents the for-
mation of the root defect. This force is
calculated as (Refs. 78,79)

Fs=d (A7)

where  is the surface tension of liquid
steel at the melting point. In this
geometry, the root of the weld pool
acts as a pendant drop prior to detach-
ment (Ref. 80). According to this for-
mulation, the maximum surface ten-
sion force is normal to the plate. The
determination of the surface tension
for the pendant drop is calculated the
same as Eq. A7 when the force is set
equal to the weight of the droplet. For
the plate that was ground on the bot-
tom, the surface tension was taken as
1.91 N/m (Ref. 22), the value for pure
iron. For those welds made on plates
containing oxide scale on the bottom
surface, the surface tension was taken
as 0.88 N/m (Ref. 21), a value consis-
tent with oxygen impurities in iron.

V
V d D l

UM
w w

4

1
2 (A6)

2
= π + Fig. A1 — The idealized weld pool,

which is used to estimate the volume
and weight of the liquid metal, is
shown as — A — A top­down view out-
lining the five volumes used to calculate
total volume; B — a 3D view with the
various variables, dimensions, and indi­
vidual volumes. 

A

B
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Introduction
     Hybrid laser-arc welding is a process
that combines laser beam welding and
conventional arc welding in order to in-
corporate the benefits of both processes
(Refs. 1–4). Hybrid laser-gas metal arc
(GMA) welding produces wider weld
pools than autogenous laser welding,
and deeper weld penetration than GMA
welding with the same parameters
(Refs. 5–8). The combination of laser
and arc energy sources allows for com-
plete-joint-
penetration welds to be achieved at sig-
nificantly higher welding velocities in a
single pass, while at the same time al-
lowing large root openings in weld
joints to be bridged (Refs. 9, 10). As a
result, welding productivity can be

greatly enhanced over that achieved by
either laser or GMA welding alone
(Refs. 11–13). In addition, hybrid laser-
GMA welding has significant advan-
tages in acquiring the desired weld met-
al microstructures, since lower cooling
rates can be more easily obtained than
in autogenous laser welding. However,
martensite, which has very low ductility
and toughness (Ref. 14), can still form
in hybrid welding (Ref. 15).
     Previous work on the hybrid laser-
GMA welding of steels has largely fo-
cused on the experimental postcharac-
terization of weld geometries, mi-
crostructures, and mechanical proper-
ties (Refs. 15–21). However, these
postmortem evaluations provide little
detail on the evolution of weld pool
geometries and the cooling rates with-

in the fusion zone. In order to under-
stand and predict weld metal mi-
crostructural evolution, the thermal
cycles experienced during these weld-
ing processes must be known. The in-
teractions between the heat sources
and materials during complete-joint-
penetration hybrid laser-GMA welding
lead to rapid thermal cycles in the
weld pool, which in turn impacts mi-
crostructure evolution. Phase transfor-
mations during cooling in the weld fu-
sion zone have been extensively inves-
tigated both experimentally and theo-
retically. Bhadeshia et al. developed a
phase transformation model (Refs.
22–24) based on thermodynamics and
phase transformation kinetics. This
model can quantitatively predict the
microstructures and properties of
weld deposits for different alloy com-
positions, cooling rates, and prior
austenite grain sizes.
     Direct measurement of temperature
profiles in the interior of the weld pool
still remains a major challenge. On the
other hand, a well-tested three-dimen-
sional mathematical model can provide
accurate temperature fields and cooling
rates at discrete locations throughout
the fusion zone (Refs. 25, 26). Several
studies focused on the numerical mod-
eling of the fluid flow and heat transfer
conditions within the molten weld pool
of hybrid laser-arc welding (Refs. 6, 27).
Ribic et al. (Ref. 27) numerically studied
the effect of laser arc separation dis-
tance and laser power on heat transfer
and fluid flow in partial-penetration hy-
brid laser-gas tungsten arc (GTA) weld-
ing by using a three-dimensional nu-
merical model. They found that the dis-
tance between the laser and arc signifi-
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cantly affected the cooling rates and
that the weld penetration was maxi-
mized at an optimal laser arc separation
distance (Ref. 27). Cho et al. (Ref. 6)
simulated the molten weld pool geome-
try in laser-arc hybrid welding by solv-
ing the equations of continuity, mo-
mentum, and energy using a commer-
cial package. They reported that the
width of the weld was determined
mainly by the GMA heat source and the
penetration depth was strongly influ-
enced by the laser (Ref. 6). However,
there are very few systematic studies fo-
cused on the numerical simulation of

weld profile evolution, cooling rates
within the fusion zone, and the corre-
sponding influence on the weld metal
microstructures in complete-joint-pene-
tration hybrid laser-GMA welding. The
previous numerical studies (Refs. 6, 27)
have discussed partial-penetration hy-
brid welding, where the fluid flow and
heat transfer at the bottom of the
molten weld pool are significantly dif-
ferent than those in complete-joint-
penetration welding.
     In this work, the evolution of macro-
and microstructures of complete-joint-
penetration laser-GMA hybrid welds in
DH 36 steel is analyzed using funda-
mental transport phenomena and
phase transformation theory. A three-
dimensional heat transfer and fluid
flow model has been developed to study
the effect of welding velocity and laser
arc separation distance on weld geome-
tries and cooling rates. Using the calcu-
lated cooling rates from the heat trans-
fer and fluid flow model, a phase trans-
formation model (Refs. 22–24) based
on thermodynamics and phase transfor-
mation kinetics is used to provide a

quantitative description of the final mi-
crostructures of the weld metal. The
computed volume fractions of the weld
metal allotriomorphic ferrite, Wid-
manstätten ferrite, acicular ferrite, and
martensite are validated with corre-
sponding experimental results for vari-
ous welding conditions. The combined
models are used to construct process
maps capable of predicting the effect of
welding parameters on resulting cooling
rates and microstructures. 

Experimental Procedure
     Bead-on-plate complete-joint-
penetration hybrid laser-GMA welds
were made on 4.8-mm-thick DH 36
steel. An IPG Photonics® YLR-12000-L
ytterbium fiber laser with a Precitec®
YW50 welding head and a Lincoln Elec-
tric® Power Wave 455 M/STT welding
power source with a Binzel® WH 455D
water-cooled welding gun were used for
hybrid welding. The maximum power of
the fiber laser is 12 kW, with a wave-
length of 1070–1080 nm. The optics
system utilizes collimating and focusing
lenses with 200- and 500-mm focal
lengths, respectively. The laser is trans-
ported to the welding head through a
200-mm-diameter process fiber. The fo-
cal spot of the laser beam in the absence
of plasma was approximately 0.56 mm
in diameter. The laser was focused 8
mm above the surface of the plate. The
laser power used in the welding experi-
ments was fixed at 5.0 kW for all the
cases. The electrode was 0.045-in.- (1.1-
mm-) diameter ER70S-6 wire. The
chemical compositions of DH 36 steel
and ER70S-6 welding wire are given in
Table 1. The metal transfer mode for
the welding wire was in spray mode.
The shielding gas was a mixture of 95%
argon and 5% CO2 with a flow rate of 95
ft3/h (44.8 L/min). The welding veloci-
ties and laser arc separation distances
were varied to study their effects on the
weld profiles and weld metal mi-
crostructures. The key welding parame-
ters are listed in Table 2. The top and
bottom surfaces of the plate were

Fig. 1 — Top surface and symmetry plane
of weld pool with temperature contours
and velocity fields for the following:
A — Welding speed of 20.0 mm/s, laser
arc separation distance of 1 mm; B —
welding speed of 30.0 mm/s, laser arc
separation distance of 1 mm. Fig. 2 — Comparison of experimental and

simulated weld cross sections for the hy-
brid laser­GMA complete-joint-penetra-
tion welding of DH 36 steel for the
following: A — Welding speed of 20.0
mm/s, laser arc separation distance of 1
mm; B — welding speed of 30.0 mm/s,
laser arc separation distance of 1 mm.

Fig. 3 — Top surface and symmetry
plane of weld pool with temperature
contours and velocity vectors for the fol-
lowing: A — Welding speed of 40.0
mm/s, laser arc separation distance of 1
mm; B — welding speed of 40.0 mm/s,
laser arc separation distance of 5 mm.

Table 1 — Chemical Composition of Base Metal DH 36 Steel (Ref. 10) and Welding Wire ER 70S­6 (wt­%)

C Mn Si Ni Mo Cr V P S Al Nb Ti Cu

Base 0.06 1.39 0.19 0.14 0.03 0.11 0.06 0.011 0.004 0.025 0.01 0.01 0.25 
Metal

Welding 0.09 1.63 0.90 0.05 0.05 0.05 0.05 0.007 0.007 0.000 0.00 0.00 0.20
Wire

A

A

A

B

B

B
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ground to remove scale prior to welding
in order to avoid weld root defects dur-
ing complete-joint-penetration welding.
The sides of the plate were supported,
so the welds were made without con-
tacting the table below. Selected welds
were sectioned, polished, etched, and
photographed to reveal the weld fusion
zone profile and microstructures. The
volume fractions of selected microcon-
stituents in the weld metal are deter-
mined by using the point counting
method following the International In-
stitute of Welding (IIW) guidelines (Ref.
28).

Mathematical Model
     A three-dimensional heat transfer
and fluid flow model for complete-joint-
penetration hybrid laser-GMA welding
was developed by modifying previous
numerical simulation work (Refs. 27,
29, 31). Zhao et al. (Ref. 31) developed a
transport phenomena-based numerical
model to predict the keyhole geometry
and temperature profiles in the weld-
ment during keyhole laser welding. Rai
et al. (Ref. 29) developed a convective
heat transfer model for both partial and
complete-joint-penetration keyhole
mode laser welding of a structural steel
based on the work of Zhao et al. (Ref.

31). Ribic et al. (Ref. 27) proposed a
three-dimensional heat transfer and
fluid flow model for partial-penetration
hybrid laser-GTA welding. In this work,
complete-joint-penetration hybrid
laser-GMA welding is studied.
Marangoni force-driven velocity
boundary conditions at the bottom
surface are assumed, which is different

from that of partial-penetration hybrid
welding. In addition, the heat transfer
from the metal droplets during GMAW
is integrated into the numerical model
for hybrid laser-GMA welding. The ma-
terial properties used in order to com-
plete the welding calculations are given
in Table 3. Details of the numerical sim-
ulation model are presented below.

Calculation of Keyhole Profile

     The keyhole geometry is calculated
using a model that considers material
properties, welding process parameters,
and specimen geometries. The detailed
information about the model is avail-
able elsewhere (Refs. 30, 31) and only
the salient features are presented here.
The keyhole profile is calculated based
on a point by point energy balance at
the keyhole walls and is determined it-
eratively. Multiple reflections of the

laser beam within the keyhole are as-
sumed and the number of reflections is
dependent on the keyhole geometry.
The keyhole wall local temperature is
taken as the boiling point of the alloy
(Refs. 30, 31). Planar heat conduction
from the keyhole wall into the work-
piece is assumed due to the significantly
higher temperature gradient in all direc-
tions in the horizontal plane compared
to the vertical directions. Once the pro-
file calculation is completed, the tem-
perature distribution from the keyhole
model is stored in a data file with all
temperatures inside the keyhole as-
signed the boiling point temperature.
This file is read into the heat transfer
and fluid flow model, and at each hori-
zontal x-y plane, the keyhole boundary
is identified by a minimum and a maxi-
mum x value for any y value. 

Heat Transfer in Weld Pool and
Boundary Conditions

     After the calculation of the keyhole
profile, equations of conservation of
mass, momentum, and energy are
solved in three dimensions in the heat
transfer and fluid flow model. Details
about this model are available in the lit-
erature (Refs. 22, 23, 29) and only the

Fig. 4 — Comparison of experimental and
simulated weld cross sections for the hybrid
laser­GMA complete-joint-penetration
welding of DH 36 steel for the following: A
— Welding speed of 40.0 mm/s, laser arc
separation distance of 1 mm; B — welding
speed of 40.0 mm/s, laser arc separation
distance of 5 mm.

Table 2 — Welding Process Parameters for Complete­Joint­Penetration Hybrid Laser GMA Welding of
DH 36 Steel

Weld Laser Power Arc Current Arc Voltage Welding Laser Arc
Number (kW) (A) (V) Speed (mm/s) Separation (mm)

1 5.0 248 31 20.0 1.0
2 5.0 235 31 30.0 1.0
3 5.0 232 31 40.0 1.0
4 5.0 232 31 40.0 5.0

A

B

Fig. 5 — Calculated cooling curves at dif-
ferent y locations on the top surface of the
fusion zone of weld 1 with welding speed
of 20.0 mm/s, laser arc separation dis­
tance of 1 mm. The symbol y represents
the distance from the weld centerline. 

Fig. 6 — Comparison of the calculated
cooling rates of the top center fusion
zone for weld 1 with welding speed of
20.0 mm/s, laser arc separation distance
of 1 mm, and weld 2 with welding speed
of 30.0 mm/s, laser arc separation dis­
tance of 1 mm.
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salient features are presented here. The
molten metal is assumed to be an in-
compressible, laminar, and Newtonian
fluid. The liquid metal flow in the weld
pool can be represented by the following
momentum conservation equation
(Refs. 30, 31):

where  is the density, t is the time, xi is
the distance along the ith (i = 1, 2, and
3) orthogonal direction, uj is the velocity
component along the j direction,  is
the effective viscosity, and Sj is the
source term for the jth momentum equa-
tion and is given as

where p represents pressure, U is the
welding speed, and  is the coefficient
of volume expansion. The third term
represents the frictional dissipation in
the mushy zone according to the Car-
man-Kozeny equation for flow through
a porous media (Refs. 32, 33) where fL is
the liquid fraction, B is a very small
computational constant to avoid divi-
sion by zero, and C is a constant ac-
counting for the mushy zone morpholo-

gy [a value of 1.6 × 104 was used in the
present study (Ref. 34)]. The fourth
term is the buoyancy source term (Refs.
23, 34, 35). The last term accounts for
the relative motion of the workpiece rel-
ative to the laser and arc heat sources
(Ref. 23).
     The following continuity equation is
solved in conjunction with the momen-
tum equation to obtain the pressure
field.

     In order to trace the weld pool liq-
uid/solid interface, i.e., the phase
change, the total enthalpy H is repre-
sented by a sum of sensible heat h and
latent heat content DH, i.e., H = h + DH
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Fig. 7 — Comparison of the calculated
cooling rates of the fusion zone located 1
mm above the bottom surface for weld 3
with welding speed of 40.0 mm/s, laser arc
separation distance of 1 mm, and weld 4
with welding speed of 40.0 mm/s, laser arc
separation distance of 5 mm.

Fig. 8 — Comparison of the optical mi-
crostructures of the top center of the fu­
sion zone by different welding speeds.
Magnification 500x. A — Welding speed
of 20.0 mm/s, laser arc separation dis­
tance of 1 mm; B — welding speed of 30.0
mm/s, laser arc separation distance of 1
mm. The symbols , W, and a represent
allotriomorphic, Widmanstätten, and acic­
ular ferrite, respectively. 

Table 3 — Material Properties Used for the Calculation of Temperature and Velocity Fields (Ref. 29)

Physical Property DH 36 Steel

Boiling point (K) 3133
Solidus temperature (K) 1745
Liquidus temperature (K) 1785
Density (kg/m3) 7200
Thermal conductivity (W/m­K) 21
Inverse Bremsstrahlung absorption coefficient (1/m) 100
Absorption coefficient (flat surface) 0.16
Molecular viscosity (Pa­s) 0.0067
Coefficient of thermal expansion (l/K) 1.96 x 10­5

Temperature coefficient of surface tension (N/m K) –0.5 x 10­3

Enthalpy of solid at melting point (J/kg) 1.20 x 106

Enthalpy of liquid at melting point (J/kg) 1.26 x 106

Specific heat of solid (J/kg K) 710.6
Specific heat of liquid (J/kg K) 836.0

A

B

Fig. 9 — Comparison of the optical mi-
crostructures of the fusion zone located 1
mm above the bottom surface by different
laser arc separation distances. Magnifica-
tion 500x. A — Welding speed of 40.0
mm/s, laser arc separation distance of 1
mm; B — welding speed of 40.0 mm/s,
laser arc separation distance of 5 mm. The
symbols , W, a, and M represent allotri­
omorphic, Widmanstätten, acicular ferrite,
and martensite, respectively.

A

B
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(Ref. 36). The sensible heat h is ex-
pressed as h = CpdT, where Cp is the spe-
cific heat and T is the temperature. The
latent heat content DH is given as DH =
fLL, where L is the latent heat of fusion.
The liquid fraction fL is assumed to vary
linearly with temperature for simplicity
(Ref. 23) and is given as

where TL and TS are the liquidus and
solidus temperature, respectively. Thus,
the thermal energy transportation in
the weld workpiece can be expressed by
the following modified energy equation:

where k is the thermal conductivity. The
source term Sh is due to the latent heat
content and is given as 

     The heat transfer and fluid flow
equations were solved for the complete
workpiece. For the region inside the
keyhole, the coefficients and source
terms in the equations were adjusted to
obtain boiling point temperature and
zero fluid velocities.

A 3D Cartesian coordinate system is
used in the calculation. Only half of the
workpiece is considered since the weld
is symmetrical about the weld center-
line. At the bottom of the weld pool,
Marangoni force-driven fluid velocity
boundary conditions are assumed for
complete-joint-penetration welding. A
187 × 77 × 26 grid system is used in the
calculation and the corresponding calcu-
lation domain dimensions are 522 mm
in length, 36 mm in half-width, and 4.8
mm in depth. The interactions between
laser and arc as well as the heat transfer
and fluid flow within the weld pool are
affected by the separation distance be-
tween laser and arc. In the numerical
model, the effect of arc energy on the
formation of the keyhole and the ener-

gy transportation from the keyhole wall
to the liquid weld pool are calculated.
However, the laser-arc interaction,
which has been characterized experi-
mentally with optical emission spec-
troscopy (Ref. 37), is not rigorously sim-
ulated here.
     During laser-GMA hybrid welding,
the rates of heat, mass, and momentum
transport are often enhanced because of
the presence of fluctuating velocities in
the weld pool. The contribution of the
fluctuating velocities is considered by
the incorporation of a turbulence model
that provides a systematic framework
for calculating effective viscosity and
thermal conductivity (Refs. 32, 33). The
values of these properties vary with the
location in the weld pool and depend on
the local fluid flow characteristics. In
this work, a turbulence model based on
Prandtl’s mixing length hypothesis (Ref.
32) is used to estimate the turbulent
viscosity.

Calculation of Heat Transfer from
GMA Metal Droplets

     The hot molten metal droplets pro-
duced by the GMAW process impinge
into the weld pool at high velocities and
carry a significant amount of heat into
the liquid weld pool (Refs. 34–36, 38,
39). The heat transfer from the metal

droplets was simulated by considering a
cylindrical heat source with a time-aver-
aged uniform power density (Sv). The
use of a cylindrical volumetric heat
source assumes the spray transfer mode
of the droplets, which is consistent with
the welding conditions in the present
study. 
     In order to calculate Sv, the radius
of the heat source, its effective height,
and the total sensible heat input by
the droplets are required. The radius
of the volumetric heat source is as-
sumed to be twice that of the droplet
radius, and the effective height, d, is
calculated from the following equation
(Refs. 34, 38, 39):

d = hv – xv + Dd (7)

where hv is the estimated height of the
cavity caused by the impact of metal
droplets, xv is the distance traveled by
the center of the two successive im-
pinging droplets, and Dd is the droplet
diameter. The total sensible heat input
from the metal droplets, Qd, is given as
(Ref. 34)

Qd = prwrw
2wfCp(Td – Tl) (8)

where rw is the density of the electrode
wire, rw is the radius of the wire, wf is
the wire feeding rate, Td is the droplet
temperature, and Tl is the liquid tem-
perature. 
     The values of hv and xv in Equation 7
are calculated based on an energy bal-
ance as (Ref. 39):

f

T T

T T
T T

T T T

T T

L

L

S

L S
S L

S

=

>
−
−

≤ ≤

<

⎧

⎨
⎪⎪

⎩
⎪
⎪

1

0

(4)

h
t

u ,h

x x
k

C
h
x

Si

i i p i
h (5)

( )
ρ∂

∂
+ ρ

∂
∂

= ∂
∂

∂
∂

⎛

⎝
⎜

⎞

⎠
⎟ +

S
H
t

u H

x

U
h
x

U
H

x

h
i

i

i i

( )( )= −ρ
∂ Δ

∂
− ρ

∂ Δ
∂

−ρ ∂
∂

− ρ ∂Δ
∂

(6)

h
D g D g

D v
6gv

d d

d d= − γ
ρ

+ γ
ρ

⎛
⎝⎜

⎞
⎠⎟

+2 2
(9)

2 2

Fig. 10 — Calculated CCT diagrams with
the cooling curves superimposed. Cooling
rates are taken at the top center of welds
with 1 mm laser arc separation distance
and 20 and 30 mm/s welding speed
(welds 1 and 2, respectively). Cooling
rates are taken at 1 mm from the bottom
surface of welds with 40 mm/s welding
speed and 1  and 5 mm laser arc separa­
tion (welds 3 and 4, respectively). The
symbols , W, and a represent allotri­
omorphic, Widmanstätten, and acicular
ferrite, respectively. Ms is the starting
temperature for martensite formation. 

Fig. 11 — Variation of the volume frac-
tions of allotriomorphic ferrite, Wid­
manstätten ferrite, acicular ferrite, and
martensite with different cooling rates. 
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where  is the surface tension of the
molten metal, r is the density, g is accel-
eration due to gravity, vd is the droplet
impingement velocity, and Dt is the
time interval between two successive
drops, which is the inverse of the
droplet transfer frequency. As shown in
Equations 9 and 10, calculation of the
dimensions of the volumetric heat
source requires the knowledge of the
droplet transfer frequency, radius, and
impingement velocity, which can be de-
termined from literature (Refs. 34, 38,
39). From the calculated values of Qd,
Dd, and d, the time-averaged power den-
sity of the volumetric heat source, Sv, is
calculated as follows (Ref .34)

Equation 11 is only valid for grid points
within the cylindrical heat source, and
the power density is zero outside the
cylinder. Free surface calculation of the
weld top and bottom surface is not con-
sidered in the current model, and the
simplification of flat pool surfaces is not
expected to affect the calculated weld
shape and microstructure significantly
(Ref. 40).

Phase Transformation
Calculation

     In the weld fusion zone of low-alloy
steels, allotriomorphic ferrite is the
first phase to form and it nucleates
heterogeneously at the boundaries of
the columnar austenite grains during
cooling. It is a reconstructive transfor-
mation involving diffusion (Ref. 26).
As temperature decreases, diffusion
becomes sluggish and gives way to a
displacive transformation. At relative-
ly low undercoolings, plates of Wid-
manstätten ferrite form by a dis-
placive mechanism. At further under-
coolings, bainite nucleates and grows
in the form of sheaves of small
platelets. Acicular ferrite nucleates in-
tragranularly around inclusions inside
the austenite (Ref. 26). The diffusion-
less martensite transformation may
take place if the cooling rate is high
enough.
     The isothermal time-temperature-
transformation (TTT) and continu-
ous-cooling-transformation (CCT) dia-
grams together with various transfor-
mation starting temperatures are cal-
culated using the phase transforma-
tion model based on thermodynamics
and phase transformation kinetics
with weld deposit compositions as in-
put variables (Refs. 22–24). The incu-
bation times for both reconstructive
and displacive transformations are cal-
culated by Russell’s expression:

where t is the incubation time for a
transformation, T is the temperature,
DGmax is the maximum driving force
for nucleation, and a, b, c, and d are
constants. The details of calculation of
DGmax and determination of a, b, c, and
d are given in the literature (Ref. 22).
     The CCT diagrams are calculated
from the corresponding TTT diagrams
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Fig. 12 — Comparison of the experimental and calculated microstructure volume frac-
tions of the weld metal for weld 1 with welding speed of 20.0 mm/s, laser arc separa­
tion distance of 1 mm; weld 2 with welding speed of 30.0 mm/s, laser arc separation
distance of 1 mm; weld 3 with welding speed of 40.0 mm/s, laser arc separation dis­
tance of 1 mm; and weld 4 with welding speed of 40.0 mm/s, laser arc separation dis­
tance of 5 mm. The symbols , W, and a represent allotriomorphic, Widmanstätten,
and acicular ferrite, respectively.

A B

Fig. 13 — Computed volume fractions of
allotriomorphic, Widmanstätten, and acic­
ular ferrite, and martensite with corre-
sponding cooling rates from 1073 to 773 K
of the fusion zone lower center as a func-
tion of laser arc separation distance and
welding speed by different laser powers. A
— Laser power = 4.0 kW, arc current = 232
A, arc voltage = 31 V; B — laser power =
5.0 kW, arc current = 232 A, arc voltage =
31 V; C —  laser power = 6.0 kW, arc cur-
rent = 232 A, arc voltage = 31 V. The sym-
bols , W, a, and M represent
allotriomorphic, Widmanstätten, and acic­
ular ferrite, and martensite, respectively.

A

B

C
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based on the Scheil additive rule (Ref.
41):

where ta is the incubation time required
to reach a specified state on a TTT dia-
gram for isothermal reactions, t is the
time to that stage for the nonisother-
mal reactions, and dt is the time inter-
val at temperature T. In this procedure,
the total time to reach a specified state
of transformation for nonisothermal re-
actions is obtained by adding the frac-
tions of time to reach this stage isother-
mally until the sum reaches unity. 
     The inclusion of the weld deposit
compositions also leads to the calcula-
tion of the appropriate part of the
phase diagram needed to obtain para-
equilibrium compositions for kinetic
analysis. These data are combined with
austenite grain parameters and the
computed cooling curves from the heat
transfer and fluid flow model to calcu-
late the volume fractions of allotriomor-
phic, Widmanstätten ferrite, acicular
ferrite, and martensite (Ref. 23). The
modeling results are used to better un-
derstand the experimentally observed
microstructures of the weld metal in
complete-joint-penetration hybrid
laser-GMA welding.

Results and Discussion

Calculated Temperature and
Velocity Fields 

     The effects of welding speed and
laser arc separation distance on weld
profiles and temperature and velocity
fields are studied separately for com-
plete-joint-penetration hybrid laser-
GMA welding. Both these parameters
have been shown to significantly affect
the weld quality and welding productivi-
ty. Figure 1 shows the calculated tem-
perature and fluid flow fields in three
dimensions when the welding speed in-
creases from 20 to 30 mm/s with a con-
stant laser arc separation distance of 1
mm. The temperature is indicated by
contour lines and the velocity field is
represented by arrows. There is an in-
tense temperature gradient on the top
and bottom surfaces of the weld pool
because the temperature of the liquid
metal at the keyhole wall equals the
boiling point, while the liquid metal at

the weld pool boundary remains at the
solidus temperature. The molten metal
moves radially outward for both the top
and bottom surfaces because of the
Marangoni convection produced by the
spatial gradient of surface tension re-
sulting from the temperature gradient.
The maximum outward flow velocities
of the top surface are 155.6 and 194.2
mm/s for welding speeds of 20 and 30
mm/s, respectively. The momentum is
then transferred by viscous dissipation
to the inner layers of the weld pool adja-
cent to the surface. 
     The comparison between these cal-
culated and experimental weld pool
geometries is shown in Fig. 2. The top
surface width decreases from 9.6 to 7.0
mm, and the bottom surface width de-
creases from 3.6 to 2.0 mm when the
welding speed increases from 20 to 30
mm/s. The boiling point contours indi-
cate the cross-sectional geometry of the
keyhole, while the solidus temperature
contours indicate the fusion zone
boundary. It is observed that the widths
of the top and bottom surfaces, as well
as the shape of the fusion zone predict-
ed by the heat transfer and fluid flow
model, agreed well with the correspon-
ding experimental results. The weld
pool dimensions decrease significantly
with the increasing welding speed as the
top surface widens due to Marangoni
convection. Furthermore, the bottom
width is also larger than the minimum
weld profile width at the middle of the
plate thickness, indicating the signifi-
cant effect of convective heat transfer.
     Figure 3 shows the calculated tem-
perature and fluid flow fields when the
laser arc separation distance increases
from 1 to 5 mm with a welding speed of
40 mm/s. When the laser arc separation
distance is changed, the nominal total
heat input of the welding process is con-
stant, while the heat input decreases
from 0.63 to 0.41 kJ/mm with a weld-
ing velocity increase from 20 to 30
mm/s, as shown in Fig. 2. The comput-
ed length of the weld pool increases
from 18 to 23 mm with the increasing
laser arc separation distance. The heat
from the laser and arc as well as the
droplet is more concentrated near the
laser beam incident point at shorter
laser arc separation distance. The heat
distribution over the top surface of the
weld pool significantly changes when
the arc axis is further separated from
the laser beam. The top part of the liq-

uid weld pool is stretched and the dis-
tance along the welding direction from
the maximum weld width to the laser
beam incidental point is significantly 
increased. 
     Figure 4 shows the comparison be-
tween these calculated and experimen-
tal weld pool geometries. The top sur-
face width increases from 5.1 to 6.8
mm, and the bottom surface width in-
creases from 1.2 to 1.6 mm when the
laser arc separation distance increases
from 1 to 5 mm. It can be observed
from Figs. 1 and 3 that the effects of
welding speed and laser arc separation
distance on the weld profiles are differ-
ent. When the welding speed increases
from 20 to 30 mm/s, the weld pool
shrinks significantly in all locations
along the weld depth. However, only the
top part of the weld pool significantly
increases when the laser arc separation
distance increases from 1 to 5 mm. The
bottom part has a slight change and the
middle part of the weld pool is almost
unaffected by the laser arc separation
distance. Changes in these processing
conditions impact the resulting weld
pool geometries in different ways. For
example, the increase of the welding
speed reduces the net energy absorbed
by the workpiece. On the other hand,
the increase of the laser arc separation
distance mainly influences the energy
distribution of the heat sources.  

Cooling Rates

     The cooling rates over the austenite
decomposition range from 1073 to
773 K within the weld fusion zone are
calculated using this same heat trans-
fer and fluid flow model. The calculat-
ed cooling rates are then used in the
modeling of the weld metal mi-
crostructures of low-alloy steels. Fig-
ure 5 shows the calculated cooling
curves between 773 and 1073 K at dif-
ferent locations on the top surface of
the weld with a welding speed of 20
mm/s. It can be seen that the cooling
rates are almost independent of posi-
tion. The cooling rates within the fu-
sion zone and the cooling rate in the
heat-affected zone (HAZ) are both at a
level of approximately 20 K/s. These
similarities in cooling rates allow a sin-
gle cooling condition to be assumed
for each horizontal plane across the
weld depth.
     The comparison of the calculated

∫ ( ) =dt
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cooling curves at the top surface of the
fusion zone for welding velocities of
20 and 30 mm/s and a 1-mm separa-
tion distance are shown in Fig. 6. The
calculated cooling rate between 1073
and 773 K increases from 21.3 to 48.4
K/s with the increasing weld speed.
The corresponding cooling times are
14.1 and 6.2 s, respectively. As expect-
ed, the cooling rate increases with in-
creasing welding speed and resulting
decrease in heat input. 
     The calculated cooling curves be-
tween 1073 and 773 K along the center-
line 1.0 mm above the bottom surface
of the weld for laser arc separation dis-
tances of 1 and 5 mm at a welding speed
of 40 mm/s are shown in Fig. 7. This po-
sition is chosen because the width of
the weld pool is the smallest at this
depth, which indicates that the weld
metal at this region is more prone to
contain martensite. The calculated cool-
ing rates from 1073 to 773 K are 83.3
and 66.7 K/s when the laser arc separa-
tion distance increases from 1 to 5 mm.
The corresponding cooling times are 3.6
and 4.5 s, respectively. Ribic et al. (Ref.
27) reported that for hybrid laser-GTA
welding with heat input of 0.10 kJ/mm,
the cooling time from 1073 to 773 K in-
creased from 0.45 to 0.75 s with the in-
crease of laser arc separation distance
from 3.5 to 9.2 mm. As can be seen
from Fig. 3A, B, the weld pool length in-
creases with the increasing laser arc sep-
aration distance. The isothermals also
expand for regions beyond the liquid
weld pool so that the spatial gradient of
temperature decreases for the tempera-
ture range from 1073 to 773 K. There-
fore, the cooling rate decreases with in-
creasing laser arc separation distance,
which is consistent with the result re-
ported by Ribic et al. (Ref. 27).
     In order to validate the calculation of
the cooling rates between 1073 and 773
K, the calculated cooling rates for differ-
ent welding conditions are compared
with the results available in the litera-
ture that examine the effects of changes
in heat input and plate thickness on the
cooling rate during arc welding (Ref.
42). The literature results show the
cooling time from 1073  to 773 K for
the welding speeds of 20, 30, and 40
mm/s are approximately 13.1, 6.0, and
3.9 s, compared with the values of 14.1,
6.2, and 3.6 s calculated by the heat
transfer and fluid flow model. There-
fore, the cooling rates between 1073

and 773 K obtained from the literature
and the 3D heat transfer and fluid flow
model show good agreement. 

Microstructures

     The comparison of the fusion zone
microstructures located at the top sur-
face of the weld for welding speeds of
20 and 30 mm/s at laser arc separation
distance of 1 mm is shown in Fig. 8.
For a welding speed of 20 mm/s, the
microstructure contains 35% allotri-
omorphic ferrite, 11% Widmanstätten
ferrite, and 54% acicular ferrite. When
the welding speed increases to 30
mm/s, the amount of allotriomorphic
ferrite decreases to 29%, Widmanstät-
ten ferrite increases to 12%, and acicu-
lar ferrite increases to 59%. The aver-
age length of the acicular ferrite de-
creases from 13.1 to 7.1 m and the
width decreases from 3.1 to 1.2 m
when the welding speed increases
from 20 to 30 mm/s. The hardness
testing results show the microhard-
ness value increases from 223 to 248
HV. The average microhardness of the
base metal is 174 ± 11 HV. The differ-
ences in microstructure contribute to
the higher microhardness of the weld
metal with a higher welding speed.
     The comparison of the fusion zone
microstructures located 1.0 mm above
the bottom surface of the weld for a
laser arc separation distance of 1 and 5
mm at a welding speed of 40 mm/s is
shown in Fig. 9. The volume fraction of
martensite is about 64% for the laser
arc separation distance of 1 mm, com-
pared with a separation distance of 5
mm when no martensite is present. The
amounts of allotriomorphic ferrite and
Widmanstätten ferrite are about 23 and
13%, respectively, for 1-mm separation
distance. The volume fraction of acicu-
lar ferrite is about 63%, and the
amounts of allotriomorphic ferrite and
Widmanstätten ferrite are about 24 and
13%, respectively, for a laser arc separa-
tion distance of 5 mm. The microhard-
ness decreases from 283 to 238 HV
when the laser arc separation distance
increases from 1 to 5 mm. The higher
microhardness indicates martensite is
present and signifies a lower toughness
of the weld (Refs. 21, 43, 44), which is
detrimental to the mechanical proper-
ties of the joint. 
     Figure 10 shows the CCT diagrams
computed from the TTT diagram based

on the Scheil additive rule, superim-
posed with the cooling curves at select-
ed locations in the four welds. The cool-
ing curves of the welds with welding
speeds of 20 and 30 mm/s at a laser arc
separation distance of 1 mm both inter-
cept with the diffusive and displacive
transformation curves, so allotriomor-
phic ferrite, Widmanstätten ferrite, bai-
nite, and acicular ferrite are expected.
The cooling curve of the weld with a
laser arc separation distance of 1 mm at
the welding speed of 40 mm/s inter-
cepts with the upper C curve and the
martensite transformation line while
the cooling curve for the weld with a
laser arc separation distance of 5 mm at
the welding speed of 40 mm/s inter-
cepts with both the upper and lower C
curves but not the martensite transfor-
mation line. As a result, martensite is
expected with the laser arc separation
distance of 1 mm but not for the laser
arc separation distance of 5 mm, al-
though the net heat input of the weld-
ing process is identical. 
     The variation of the calculated vol-
ume fractions of allotriomorphic and
Widmanstätten ferrite, acicular ferrite,
and martensite with cooling rates is
shown in Fig. 11. For the composition
of DH 36 steel and austenite grain sizes
observed in the experimental welds, aci-
cular ferrite is the predominant phase,
comprising nearly 60% of the mi-
crostructure up to the critical cooling
rate for martensite. Widmanstätten fer-
rite increases with cooling rate at the ex-
pense of allotriomorphic ferrite. These
two phases combine to make up 40% of
the microstructure. The calculated re-
sults are consistent with the data re-
ported in previous work (Ref. 24).
     Both the experimentally measured
and calculated quantitative volume
fractions of different phases of the
four welds are shown in Fig. 12. Good
agreement between the two sets of
data is observed. Figure 12A shows
the volume fractions of allotriomor-
phic ferrite and acicular ferrite slightly
decrease while Widmanstätten ferrite
increases with the increasing welding
speed. Figure 12B shows the marten-
site volume fraction is about 52%
when the laser arc separation distance
is 1 mm, but no martensite is ob-
served when the laser arc separation
distance increases to 5 mm. A very
small amount of acicular ferrite is ob-
served experimentally for a laser arc
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separation distance of 1 mm, com-
pared to 5-mm separation distance
when acicular ferrite is the predomi-
nant phase.
     It should be noted the welding condi-
tions including the heat input are all
identical when the laser arc separation
distance changes from 1 to 5 mm. The
reason for the large difference of the
weld metal microstructures with the
changing laser arc separation distance
lies in the fact that the cooling condi-
tion, especially the cooling rate between
1073 and 773 K, significantly decreases
when the laser arc separation distance
increases from 1 to 5 mm. The cooling
rate exceeds the critical cooling rate for
martensite transformation with laser
arc separation distance of 1 mm while it
decreases to a value lower than the criti-
cal cooling rate for martensite transfor-
mation when the laser arc separation
distance increases to 5 mm.

Process Map

     In order to further understand the
influence of welding parameters on the
cooling rates and corresponding volume
fractions of the microstructures of the
weld fusion zone, a comprehensive
process map is presented in Fig. 13. The
map considers various combinations of
welding speed, laser arc separation dis-
tance, and laser power. The arc current
and arc voltage are 232 A and 31 V, re-
spectively, for all the welding condi-
tions. The laser powers for Fig. 13A–C
are 4, 5, and 6 kW, respectively. The
maps show the combinations of separa-
tion distance and welding speed that
produce a given cooling rate and corre-
sponding microstructure in terms of
volume fractions of different phases
and microconstituents. The critical
cooling rate for martensite transforma-
tion is about 71 K/s, which is calculated
by the model for microstructure evolu-
tion (Refs. 22–24). Cooling rates below
71 K/s are shown in dashed lines as a
zone without martensite, while cooling
rates greater than 71 K/s are shown in
dotted lines as another zone with
martensite in Fig. 13. The upper bound
on the process maps is the partial pene-
tration line, above which complete pen-
etration is not possible.
     In general, welding speed has a
greater effect on cooling rate than sep-
aration distance, and at low welding
speeds of 20 mm/s, the cooling rate is

almost independent of separation dis-
tance. The effect of power can also be
observed in Fig. 13. As power increas-
es, the cooling rates shift to higher
welding speeds for a given separation
distance. For example, at 1 mm sepa-
ration distance, the required welding
speeds to obtain a 70 K/s cooling rate
are 32 and 39 mm/s for 4 kW and 6
kW laser powers, respectively. It is im-
portant to know how cooling rates af-
fect the microstructure. As the cooling
rate increases from 20 to 150 K/s, the
volume fraction of Widmanstätten fer-
rite increases from 0.10 to 0.22 at the
expense of the allotriomorphic ferrite,
which decreases from 0.31 to 0.23.
The amount of acicular ferrite decreas-
es from 0.59 to 0.57 from low cooling
rates up to the critical cooling rate
when acicular ferrite disappears and
martensite forms instead. 
     These maps provide a means for un-
derstanding microstructure evolution
during hybrid laser-arc welding and can
be used to select welding parameters
that optimize the weld microstructure
or minimize welding time yet limit the
formation of martensite. For example,
as stated previously, if the power is in-
creased from 4 to 6 kW for a constant
separation distance of 1 mm, then the
welding speed can be increased by 22%
from 32 to 39 mm/s without the forma-
tion of martensite. Increasing the sepa-
ration distance from 1 to 7 mm further
increases the possible welding speed to
42 mm/s. Compared to the initial condi-
tions in this example, the total increase
in welding speed is 31% due to a 33%
increase in laser power and a 6-mm in-
crease in separation distance. The weld-
ing speed and the resulting time to
make a weld are important. When com-
paring the costs of hybrid laser-GMA
welding with conventional arc welding
for pipe joining applications, Reutzel et
al. (Ref. 45) found that weld time com-
prised between 24 and 41% of the total
fabrication time, depending on pipe di-
ameter, with other tasks, such as fitup,
preparation of the weld, and movement
of the part, making up the rest of the
time. Additionally, since the welding is
occurring with the same cooling rate,
there would be no change in the mi-
crostructure. The utility of the process
map indicates significant promise for
understanding the evolution of mi-
crostructures in the fusion zone of hy-
brid laser-GMA complete-joint-penetra-

tion welding by a combination of phase
transformation model and the thermal
cycles calculated from the heat transfer
and fluid flow model.

Summary and Conclusions
     The effect of laser arc separation dis-
tance and welding speed on fusion zone
geometry and microstructure during
complete-joint-penetration hybrid
laser-gas metal arc welding of low-alloy
steel was investigated experimentally
and theoretically. A heat transfer and
fluid flow model was used to calculate
the weld pool geometry and cooling
rates, which were applied to a mi-
crostructure model to compute the
phase fractions of selected microcon-
stituents. Experimental weld geome-
tries and microstructures were com-
pared to the calculated values, and the
two sets of data agreed well. The follow-
ing conclusions can be drawn from this
work:
     1. The effect of welding speed and
laser arc separation distance on weld
pool geometry was investigated in com-
plete-joint-penetration hybrid laser-arc
welding. The weld length and width
both at the top and bottom of the pool
increased with increasing laser arc sepa-
ration distance for the same heat input.
The weld pool dimensions decreased
with increasing welding speed as ex-
pected. 
     2. Cooling rate was also affected by
the hybrid welding parameters. When
the welding speed increased, which
changed the net heat input, the cooling
rate increased. When the laser arc sepa-
ration distance decreased, which altered
the heat distribution of the combined
power sources but not the heat input,
the cooling rate increased. At high weld-
ing speeds, the decrease in separation
distance can have a significant enough
effect on the cooling rate to form
martensite in the microstructure.
     3. The experimental weld mi-
crostructures consisted of acicular fer-
rite, allotriomorphic ferrite, Wid-
manstätten ferrite, and martensite.
Martensite existed only in the weld with
the laser arc separation distance of 1
mm and a welding speed of 40 mm/s.
Acicular ferrite formed at the expense
of martensite when the separation dis-
tance increased to 5 mm. Increasing the
welding speed from 20 to 30 mm/s re-
sulted in a decrease of allotriomorphic
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ferrite and an increase in Widmanstät-
ten and acicular ferrite. 
     4. Utilizing the combined models, a
process map has been constructed that
illustrates the effects of welding speed,
separation distance, and laser power on
cooling rate and microconstituent vol-
ume fractions. Identical cooling rates
and microconstituent volume fractions
can be obtained with various combina-
tions of process parameters. In general,
welding speed and laser power have a
more significant effect on cooling rates
than separation distance; however, at
high welding speeds, the separation dis-
tance can be the deciding factor for
martensite formation.
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Introduction: 

A hot ductility test is commonly used to evaluate ductility dip cracking. In conventional hot 

ductility tests, the ductility can be only determined from the reduction in cross-sectional area of 

the specimen, which is an indirect estimation of high temperature ductility. Extensometer can be 

used to measure the total strain of the specimen. However, due to thermal gradient in the 

specimen, there is a high temperature and strain gradient on the specimen from the center to the 

end. Total strain is not a good indication of real ductility. As a result, there is a need to measure 

local total strain before failure to access ductility.  High-temperature digital image correlation 

(DIC) can be a powerful tool to track in situ development of non-uniform strain and distortion. It 

is a promising technique to track localized development of strain as a function of time. Current 

research applied hot ductility test with high temperature DIC to study ductility dip cracking of 

Alloy 690. 

Experimental: 

3 690 specimens with 7mm in diameter and 70mm gauge length were machined from a thick-

wall tube provided by electric power research institute. Composition of Alloy 690 is listed in 

Table 1. 2 specimens were annealed in furnace in argon atmosphere at 1100°C for 1 hour. 

Tensile tests have been performed on both as-machined condition and as- annealed condition 

with staining rate of 0.0003/s. Hot ductility tests were conducted in a Gleeble® 3500 

thermomechanical simulator. The system setup is shown in Fig. 1. Random patterns were created 

by painting white background and black speckles on to the specimen surface. The sample was 

heated to 1327°C at 110°C/s and cooled to 871°C at 50°C/s. Load was then applied at a stroke 

rate of 7mm/s while the temperature was maintained at 871°C. During testing, an in-situ optical 

image correlation method was used to measure displacement on the surface of an object by 

tracking random patterns on the samples. Digital cameras (Point Grey GRAS-50S5C-C) linked 



with a computer were used for image acquisition. Sigma® lenses (28-300mm f/3.5-6.3 DG) were 

used for zooming purpose. Since the thermal radiation from the hot sample at elevated 

temperature will lessen image contrast, therefore results in large errors in DIC, current study 

adopted monochromatic light illumination and narrow bandpass filter. 3x4 high-brightness green 

LED array (Visual Instrumentation model 900405, wavelength 530±5nm) and Edmund® 532nm 

hard-coated bandpass filter (Part number 65155) were used. Images were taken at 0.1 second 

intervals. Images were post-processed by the Vic-3D® software developed by Correlated 

Solutions and the strain maps were obtained. A region of interest (ROI) in the middle of each 

sample, which is about 5 mm by 55 mm in area, was selected for strain analysis. 

 

Table 1. Composition of Alloy 690 

C S Si Cu Mn Fe Cr Ni 

0.018 0.0006 0.03 <0.01 0.19 9.67 29.73 Balanced

 

 

Figure 1. System setup for full field strain measurement during hot ductility test 
 

Results: 

Tensile tests: Engineering strain stress curves from tensile tests and hot ductility test are shown 

in Fig 2. The yield stresses and ultimate tensile stresses have been summarized in Table 2.  



 

Figure. 2 stress-strain curves for Alloy 690 tensile and hot ductility tests. 

Table 2 yield stresses and ultimate tensile stresses for tensile and ductility tests. 

  
As‐
machined 

As‐
annealed 

Hot 
ductility 

Yield strength (MPa)  280 201 148 

Ultimate Tensile Strength (MPa)  646 601 240 

 

DIC results: High temperature DIC with tradition speckle coating technique is capable of 

obtaining full field strain map at slow strain rate for temperature lower than 1100°C. However, 

exposure of the organic speckle coating required to measure strain was found to degrade and 

spall when exposed to high temperatures  (871°C) and at a strain rate of 0.1/s. Fig. 3 shows strain 

maps in the tensile direction (exx) superimposed with original specimen images at different stages 

during hot ductility test. Fig. 2a clearly shows good contrast between black speckles and white 

background at 871°C before tension was applied. Speckle coatings were still bonded to the 



specimen surface when 0.03 strain is applied.  Coatings, however, start to spall when strain 

reaches 0.05 and correlation calculation cannot proceed anymore.  

 

Figure 3. exx Strain maps of (a) before loading (b) when 0.03 strain was applied (c) when 0.05 

strain is applied 

Improving coating technique: The problem was overcome at Oak Ridge National Laboratory 

(ORNL) by modifying the surface condition of the samples and applying very thin coating of the 

surface speckle patterns. Upon surface treating the paint adheres extremely well on to the 

specimen. Fig 4 shows the strain map of an annealed Alloy 600 sample with improved coating 

technique before fracture. The measured local strain was as high as 119%. The current surface 

treated coating can be used up to 1100°C and can withstand strain rate >0.1/s.  



 

Figure 4. Strain map of an annealed Alloy 600 sample with improved coating showing good 

speckles up to 1.2 strain  
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Abstract 

Laser welding processes present significant opportunities for thick section welding during the 

construction and repair of nuclear power plant components.  However, the impact of laser-based 

welding processes on the fusion zone geometry and defect levels in Alloy 690 are not well 

understood.  A series of laser and hybrid laser-arc welds are fabricated with varying laser powers 

and welding speeds.  While the porosity levels attributed to keyhole collapse remain high in the 

laser welds for all power levels, the addition of the arc in the hybrid laser-arc welds appears to 

inhibit the presence of the porosity at laser powers in excess of 4 kW.  At lower powers, the region 

where filler metal enters the weld pool at a high speed, is relatively large compared to the overall 

pool size and inhibits the motion and escape of bubbles, resulting in large amounts of trapped 

porosity.  The dimensions of the volumetric heat source, which serves as a proxy for region where 

filler metal enters the weld pool, are calculated for various electrode diameters and currents.   
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I.  Introduction 
Joining thick sections of Inconel® Alloy 690, a Ni-Cr-Fe alloy, is critical for construction and 

repair of nuclear power plants [1].  The current joining techniques include submerged metal arc 

welding (SAW) [2,3] and gas tungsten arc welding (GTAW) [4-6].  These traditional welding 

processes are widely available, but they are limited by slow welding speeds, high heat inputs, and 

shallow weld penetrations, which require a large number of passes to fabricate thick section 

components in excess of 6 mm [4].  On the other hand, laser and hybrid laser-gas metal arc (GMA) 

welding processes produce deeper penetrations per pass and reduce the total heat input compared 

to arc welding, limiting distortion and heat affected zone size [7].  In addition, these processes can 

produce single-pass welds in joints where multipass arc welding would typically be used.  

However, the effects of laser and hybrid welding on fusion zone geometry and porosity 

characteristics in Alloy 690 must be characterized before their wider deployment in power plant 

component fabrication. 

Several researchers have investigated the effects of Alloy 690 laser welding on joint geometry 

[8-13] and porosity [11-13].  These previous studies have been limited to laser powers of 4 kW or 

less in full penetration welds of 3 mm and partial penetration weld depths of 6 mm or less.  In 

terms of joint geometry, low power laser welds in Alloy 690 have a high depth to width ratio [8-

13] with a relatively narrow width and high depth, which is similar to that observed in the laser 

welding of common structural alloys [14,15].  Thick section joining of Alloy 690 will require 

higher laser powers and larger penetration depths. 

Aside from these attractive weld pool geometries, porosity has been found to be a major 

obstacle for implementation of laser welding in the fabrication of Alloy 690 joints [11-13].  In 

general, there are three possible types of porosity during welding.  One type of porosity results 

from high solubility of monatomic and diatomic O, N, and H in molten metal and low solubility 

in the solid [16].  During solidification, the solubility decreases, gas evolution occurs, and the 

bubbles become trapped as pores.  Pore coalescence is another form of porosity in welds [17] and 

is found in base metals with high pre-existing levels of porosity, such as die-cast magnesium 

alloys.  For example, Zhao and DebRoy [17] found an increase in porosity compared to the base 

metal during laser welding of die-cast Mg due to the expansion and coalescence of pre-existing 

pores during laser welding.  The third form of porosity is produced by keyhole instability, where 

the bottom tip of the keyhole acts as the source of large bubbles, and is limited to high energy 
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beam welding processes [18].  Keyhole porosity is by far the largest cause of macroporosity in 

laser and hybrid laser-arc welding [19-22].   

Several researchers have investigated the effects of laser welding on keyhole porosity in Alloy 

690.  Kuo et al. [11] found Alloy 690 to be more susceptible to keyhole porosity than AISI 304 

stainless steel during pulsed laser welding.  Tucker et al. [13] found that optimized values of 

defocus and welding speed could not fully remove porosity in laser welded Alloy 690.  Equilibrium 

vapor pressure-temperature relations [23,24], such as those shown in Figure 1, may explain why 

Alloy 690 is more prone to keyhole porosity.  An ideal solution is assumed for the calculation of 

vapor pressure, which is the sum of the product of the alloying element mole fraction and the vapor 

pressure for the pure substance (i.e. Fe, Cr, Ni, Ti, Al, and V) at each temperature.  Near the boiling 

point at 1 atmosphere, the temperature gradient of vapor pressure is higher for Alloy 690 as 

compared to other common structural alloys.  As a result, small changes in temperature at the 

keyhole wall, which will be close to the boiling point, will produce larger changes in pressure, 

resulting in more instability and porosity.  Power modulation [10], a defocused beam, and 

increased welding speeds help to reduce porosity levels in laser welded Alloy 690, but there is no 

generally accepted methodology for eliminating keyhole porosity.  For specific conditions, trial 

and error optimization and design of experiments may be used to remove porosity.  However, such 

an approach can be time-consuming and overly expensive. 

Previous research shows that laser welding has significant difficulty producing defect free 

welds in Alloy 690.  However, hybrid welding processes may have the potential to overcome the 

inability of autogenous laser welding to produce single pass, thick section, low defect content 

Alloy 690 joints.  This welding method is an especially attractive option for Ni-base alloys because 

of its ability to add filler metals and to produce weld metal compositions that can promote desirable 

weld metal properties [25].  Over a range of laser powers and welding speeds, the effects of laser 

and hybrid laser-gas metal arc welding processes on weld shape and size and porosity formation 

have been compared.  Characterization of porosity in laser and hybrid welds is undertaken using 

X-ray computed tomography (CT).  A mechanism for reducing porosity levels at higher powers is 

presented.  In this physical model, the overall size of the molten pool and the addition of filler 

metal are suspected to play a role in the porosity characteristics.  Calculations of the interaction 

volume dimensions are made to demonstrate the difference in process parameters. 
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II.  Experimental Methods 

Bead on plate laser and hybrid laser-GMA welds were made on 12.7 mm thick Alloy 690 plate.  

For both the laser and hybrid welds examined here, the same combinations of laser welding 

conditions were used.  A 200 µm diameter transport fiber connected an IPG Photonics® YLR-

12000-L fiber laser to a YW50 Precitec® welding head.  Within the head, the optics included a 

200 mm and 500 mm focal length collimator and focal lenses, respectively.  A PRIMES® Focus 

Monitor beam characterization tool measured the beam diameter at focus and the divergence angle 

as 0.52 mm and 64 mrad, respectively.  The focus position was placed 8 mm below the top plate 

surface, so the beam diameter at the top surface was 0.73 mm.  Consistent with beam 

characterization studies [26], the beam profile near focus was top hat, while one Rayleigh length 

(8.1 mm in this case) or more from focus the beam profile had a Gaussian shape.  The welding 

speed and laser power was varied between 10 and 20 mm/s and 2 and 6 kW, respectively.   

For the hybrid welds, a Lincoln Electric® Power Wave 455 M/STT power source with a 

Binzel® WH 455D water cooled welding gun were used.  The torch angle was maintained at 15˚ 

from vertical.  A gas mixture of Ar-25% He shielded the weld from the atmosphere at a 2.7 m/hr 

flow rate.  Inconel® Filler Metal (FM) 52 wire with a diameter of 1.1 mm was used as the 

consumable electrode and is compositionally identical to Alloy 690, as shown in Table 1.  The 

wire feed speed was set to 121 mm/s.  The laser-arc separation distance was held constant at 3 mm 

with the laser leading.  The arc voltage was set to 32 V, and the current was estimated as 200 A 

based on the instantaneous values displayed on the power source, the wire feed speed, and the 

diameter of the filler metal wire.  Standard metallographic techniques were used to prepare and 

analyze transverse cross section samples of each weld.  The samples were electrolytically etched 

in a 10 wt.% oxalic acid solution.   

A General Electric® v|tome|x X-ray computed tomography (CT) system was used to inspect 

and characterize the internal porosity in each weld.  An accelerating voltage of 250 kV and current 

of 200 µA were used to image the laser welds.  Because the hybrid welds were approximately 10 

mm wider at the top surface of the weld than the relatively narrow laser welds, the voltage and 

current were increased to 285 kV and 230 µA, respectively, during characterization of the hybrid 

weld.  In order to image the entire weld volume, the resolution in all directions was 50 µm and 66 

µm for the laser and hybrid welds, respectively.  DatosX® software reconstructed the individual 
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X-ray images into a 3D representation.  Volume Graphics® VGStudio Max software with the 

defect detection module measured the sizes and locations of individual pores within the welds. 

III.  Results and Discussion 

The fusion zone geometry is an important characteristic for comparing laser and hybrid welds.  

For example, the depth of the weld is related to the maximum weldable plate thickness in a single 

pass, and the width is related to the plate gap bridgeability with higher weld widths allowing for 

higher tolerances during plate fit-up before welding.  Generally, hybrid welds have a greater width 

than laser welds, while the depths are similar.  Transverse weld profiles obtained from a series of 

laser and hybrid welds produced here are shown in Figure 2.  The linear heat input during laser 

welding was varied between 100 W/mm and 600 W/mm.  On the other hand, the heat input during 

hybrid laser-arc welding was higher with the addition of the arc and ranged between 400 W/mm 

and 1200 W/mm. 

The measured weld pool widths and depths are shown in Table 2.  For the laser welds, the 

widths and depths increase steadily with laser power with maximum widths and depths of 5.9 and 

7.6 mm, respectively, at a laser power of 6 kW and a welding speed of 10 mm/s.  Hybrid weld 

depth increases with power up to 9.1 mm, but the width does not increase significantly and ranges 

from 11.2 to 15.2 mm across the power range from 2 kW to 6 kW.  The hybrid weld widths are 

significantly greater than the laser weld widths due to the addition of the arc, which acts as a broad 

heat source.  The difference in width is 5 mm or more in most cases, but the weld pool depths did 

not differ significantly between the two processes, although the hybrid welds were about 1 to 2 

mm deeper than the laser welds under similar conditions. 

Due to the addition of the arc and the increased heat input, the hybrid welds also display a 

much larger cross-sectional area compared to the laser welds.  At laser powers of 2 kW, the 

influence of the arc on the hybrid weld pool shape is evident [27] and dominates the characteristics 

of the weld pool.  For example, the characteristic shape of a GMA weld is obvious at a welding 

speed of 20 mm/s, while at the very bottom of the weld, the finger penetration of the laser can be 

observed.  Since the arc parameters are 31 V and about 200 A, the arc power is on the order of 6 

kW compared to the 2 kW of the laser.  At higher laser powers of 4 and 6 kW, the influence of the 

arc on the weld pool shape is diminished due to the parity in power of the arc and laser with only 

the increased width of the arc being evident.   
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Large pores in the solidified weld metal are formed when bubbles from the bottom of the 

keyhole become trapped by the advancing solid liquid interface [18].  Using AISI 304 stainless 

steel as the base metal, Naito et al. [28] found that keyhole induced porosity is reduced but not 

entirely eliminated in hybrid laser-GTA welding compared to laser welding.  The same is true here 

in the laser and hybrid welds produced as part of this study.  A comparison of porosity in laser and 

hybrid welds (6 kW, 10 mm/s) measured with X-ray CT is shown in Figure 3.  X-ray CT provides 

a high degree of spatial resolution for the precise location and size of pores.  The solid metal 

regions are light colored, while the pores are shown in a darker color.  For the laser weld shown in 

Figure 3, the level of porosity is much greater, with 103 pores identified in the X-ray CT scan with 

a median pore volume of 0.14 mm3.  The 17 pores in the hybrid weld have a smaller median 

volume of 0.02 mm3.  Figure 3 shows the superiority of the hybrid welding process in terms of 

overall porosity compared to the laser welding process.  Outside of the start of the weld, which 

may be on a ‘run-off plate’ in a welding shop, and the weld reinforcement, which can removed in 

a production environment, there is only one pore in the entire hybrid weld. 

Total porosity volume and pore size distributions are important for understanding how and 

why the porosity characteristics differ in laser and hybrid welds.  The total pore volume for a 

constant weld length (70 mm in this case) shows significance of the overall porosity, while size 

distributions show how the pore sizes change with welding process and conditions.  These porosity 

characteristics among laser and hybrid welds for a variety of conditions are shown in Figure 4.  

Clearly, the two highest heat input hybrid welds (i.e. 4 and 6 kW and 10 mm/s) have the lowest 

porosity values.  The 4 kW weld has only 3 pores with two of those being in the weld 

reinforcement.  These same high heat input welding conditions, which would be used for thick 

section welding of Alloy 690, produce the lowest levels of porosity.  The laser welds with the same 

laser power and welding speed conditions show much higher overall porosity levels, which are up 

to 90.5 mm3 in 1600 mm3 of weld metal.  These porosity levels are many times higher than the 

hybrid welds, which can have porosity values as low as 0.2 mm3 in 3000 mm3 of weld metal. 

In the 4 and 6 kW cases, porosity decreased when transitioning from laser to hybrid welding.  

The 2 kW, 10 mm/s hybrid weld does not show the same low porosity as the 4 and 6 kW hybrid 

welds and, in fact, has a higher porosity than the laser weld made with the same conditions.  The 

same is true in the welds made at a welding speed of 20 mm/s.  This difference in behavior may 

be traced to a combination of filler metal addition and small weld pool volume during the 2 kW 
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welds.  The filler metal is entering the molten pool at a relatively high rate of speed, on the order 

of 1.5 m/s or faster [29].  Bubbles that form near the bottom of the keyhole need to move towards 

the top of the weld pool to escape.  This mobility towards the top is likely hindered by the filler 

metal entering the pool at a high velocity.  In addition, the pool volume is relatively small 

compared to the higher laser power welds, further limiting the bubble mobility towards the top of 

the pool.   

The size of the filler metal-weld pool interaction zone can be estimated, using a cylindrical 

volumetric heat source (VHS) model [29,30].  The model assumes that liquid droplets are 

accelerated from the end of the consumable electrode, strike the molten pool, and transfer heat and 

momentum to the weld.   The height, depth, and energy intensity of the VHS can be calculated 

based on the material properties and welding parameters.  A detailed description of the VHS model 

is available in the literature [30-32], and the equations necessary for the calculations performed 

here are available in Appendix A.  Knowledge of the relationship between the arc current and 

droplet detachment frequency is an important component of the calculations.  Especially important 

is the transition current from globular to spray transfer.  However, most studies of droplet 

detachment have focused on mild steel electrodes with little attention paid to other filler metals, 

such as FM 52.  The welding recommendations for spray transfer mode from the FM 52 

manufacturer have been used to estimate the transition currents [33].  The transition current for 

mild steel is around 290 A, so a current of 300 A or greater will lead to spray transfer mode.  The 

recommended parameters for FM 52 suggest the transition current varies between 150 A and 225 

A, depending on the electrode diameter.  

Using the experimental welding parameters and material properties, the VHS height and width 

can be computed.  The height and width are calculated as 3.7 and 2.1 mm, respectively.  The VHS 

profile has been overlaid on the transverse cross-sections of the 10 mm/s welding speed hybrid 

welds in Figure 5.  As the power increases, the gap between the bottom of the VHS and the bottom 

of the weld increases from 1 mm to more than 5 mm.  The impinging droplet velocity, which is 

expected to interrupt pore motion through high fluid velocity turbulence, has a value of 1.6 m/s.  

The maximum calculated fluid flow velocity in a recent study of hybrid welding of steel was less 

than 0.3 m/s [34], so the high velocity of the impinging droplets would have significant impact on 

fluid flow in the weld pool and would interrupt the pore motion upwards and out of the pool. 
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The evidence for this low mobility model can be extracted from Figure 4, which shows a shift 

to higher pore sizes when going from laser to hybrid welding.  This behavior is only seen in the 2 

kW welds and suggests that bubbles stay trapped at the bottom of the weld and combine to form 

larger bubbles before the solidification front traps them as pores.  In addition, the bubbles in the 

hybrid welds should be trapped in the bottom part of the weld and not show a great deal of variation 

in location distributions if the combination of the filler metal addition and small pool volume are 

limiting mobility.  Figure 6 shows the pore location distributions as a percentage of the total depth 

in the 2 kW, 10 mm/s laser and hybrid welds along with part of the X-ray CT image.  In both 

welds, more pores are located near the bottom of the weld pool.  In the laser weld, the top third of 

the weld contains 16% of the total number of the pores, but in the hybrid weld, zero pores are 

found in the same third of the weld. 

Since the likelihood of low porosity in the hybrid welds can be related to the distance between 

the bottom of the VHS and the bottom of the weld, the effects of available welding parameters, 

such as arc currents, and FM 52 electrode diameters should be compared to determine if certain 

conditions provide benefits compared to other conditions.  Figure 7 shows the effect of arc current 

(wire feed speed was increased linearly with current for calculation purposes) on VHS height for 

different filler metal electrode diameters.  The solid lines indicate the hybrid weld depths for given 

linear heat inputs on the right y-axis, so the bottom line represents the 2 kW hybrid weld, which 

had large amount of porosity.  The middle and top line represent the low porosity 4 kW and 6 kW 

hybrid welds, respectively.  The weld depth-heat input relationship from the experimental welds 

is shown in Figure 7b.   

There is a linear increase of VHS height with current with each electrode diameter falling along 

the same line.  According to the graph, the minimum heat input from the laser for low porosity 

increases with both arc current and electrode diameter.  The minimum heat input for the 1.1 mm 

diameter filler metal was found experimentaly to be 400 J/mm.  For the 0.9 and 1.6 mm diameter 

electrodes, the minimum heat inputs are 240 and 490 J/mm, respectively.  For a 10 mm/s welding 

speed, reasonable laser powers of 5 kW can be used to fabricate low porosity welds up to 7.5 mm 

in depth with any FM 52 electrode diameter.  However, if greater productivity is desired in terms 

of welding speed or penetration depth, much higher powers will be required.  For example, an 

increase of the welding speed to 20 mm/s would require 10 kW laser power to make pore free 
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welds with 1.6 mm diameter electrodes.  Lasers systems with 10 kW of output power are most 

likely less available and more expensive than systems that can output 5 kW power. 

IV.  Summary and Conclusions 

The characteristics of laser and hybrid laser-gas metal arc welded Alloy 690 with a 

compositionally identical filler metal have been analyzed for several processing conditions.  The 

transverse fusion zone geometries and porosity resulting from keyhole collapse have been 

compared and found to have significant differences, which affect the choice of welding process.  

The following conclusions were drawn from this work. 

1. Due to the arc, which acts as a distributed heat source, the fusion zones in the laser and hybrid 

welds differ significantly.  At the top of the plate, hybrid welds are wider by 8 to 10 mm for 

similar laser powers and welding speeds.  Laser welds are also shallower by 1 to 2 mm 

compared to hybrid welds fabricated with an identical welding speed and laser power.   

2. Total porosity amounts were reduced to the lowest levels in the hybrid welds at powers of 4 

kW and 6 kW and a welding speed of 10 mm/s.  A minimum porosity total of 0.2 mm3 in a 

total weld volume of 3000 mm3 was found in a hybrid weld with 4 kW laser power and 10 

mm/s welding speed.  In contrast a laser weld made at a power of 6 kW and a travel speed of 

10 mm/s displayed a porosity volume of 90.5 mm3 in 1600 mm3 of weld metal.  

3. A transition from high levels of porosity to virtually no porosity was observed in the hybrid 

welds as power increased above 2 kW.  Filler metal transfer and low weld pool volume at 2 

kW laser power is expected to limit bubble mobility upwards out of the pool.  As the power 

increases, the size of the filler metal interaction relative to the weld pool decreases, allowing 

the bubbles to more easily escape.  Evidence of this mechanism was a shift in the pore size 

distribution to larger pores when going from hybrid to laser welding and more pores located 

at the bottom of the pool in hybrid welding compared to laser welding.  

4. Calculations, which account for the current-volumetric heat source dimensions relation, laser 

heat input-weld depth relation, and filler metal 52 electrode dimensions, were used to 

determine the minimum laser heat input to produce a pore-free hybrid weld for a given 

electrode diameter.  The minimum heat input varied between 240 and 490 J/mm with greater 

heat inputs required for larger electrode diameters.  With welding speeds of 10 mm/s or less, 

no more than 5 kW laser power would be required to produce pore free welds with every 
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electrode diameter.  Increasing welding speed or current to improve productivity or filler 

metal deposition would require higher laser powers. 

Based on the results of this study, hybrid welding is recommended for welding thick sections of 

Alloy 690, especially at laser powers above 2 kW.  The large amounts of porosity in the laser welds 

are mostly eliminated when the arc is added to the process.  With optimized process parameters, 

this minimal porosity could be eliminated completely.   
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Appendix A 
Calculation of Volumetric Heat Source Dimensions 

The volumetric heat source (VHS) calculation assumes a cylindrical shape with dimensions of 

diameter and height.  The VHS is commonly used to model consumable electrode heat transfer 

during gas-metal arc welding [30,32].  In these experiments, spray metal transfer, where small 
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droplets form at the end of the electrode and accelerate into the molten pool, is expected.  Several 

variables are required for the calculation, including material properties, welding parameters, and 

droplet frequency.   

The height of the VHS is given as 

݀ ൌ ݄௩ െ ௩ݔ ൅  ௗܦ

where hv is height of the cavity formed by the impinging droplets, xv is the distance traveled in the 

cavity by each droplet before the arrival of the next impinging droplet, and Dd is the droplet 

diameter.  The cavity height is 

݄௩ ൌ ቌെ
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݃ߩௗܦ
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where γ is surface tension of the liquid metal, ρ is the liquid metal density, g is acceleration due to 

gravity, and vd is the droplet impingement velocity.  The surface tension and density of FM 52 

were taken as 1.1 N/m and 6500 kg/m3, respectively.  The distance traveled by each droplet is 

defined as 

௩ݔ ൌ ൬݄௩ ൅
ߛ2
݃ߩௗܦ

൰ ቊ1 െ ݏ݋ܿ ቈ൬
݃
݄௩
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where Δt is the time interval between the impingement of two droplets and can be defined as Δt = 

1/f.  The frequency of droplets, f, is 

݂ ൌ
െ243.44

1 ൅ ݌ݔ݁ ቀ
ܫ െ ௧ܫ
6.06437ቁ

൅ 323.506 െ ܫ0.874 ൅  ଶܫ0.0025

where I (A) is current and It is the transition current from globular to spray transfer.  The transition 

current for FM 52 has been estimated based on the suggested process parameters by the electrode 

manufacturer [33].  The frequency current relations are shown in Figure A1 for three FM 52 

electrode diameters and, for reference [29,35], a fitted line to experimental data for mild steel.  The 

droplet shape is assumed to be spherical, and the radius of the sphere is expressed as 

ௗݎ ൌ ඨ
3
4
݂/௙ݓ௪ଶݎ

య

 

where rw is the radius of the filler metal wire and wf is the wire feed speed.  The VHS diameter is 

four times the droplet radius.  The droplet velocity is 
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ௗݒ ൌ ටݒ଴
ଶ ൅  ௔ܮ2ܽ

where v0 is the initial velocity, a is the droplet acceleration, and La is the arc length.  Arc length 

was assumed to be 3 mm.  Acceleration is taken as 

ܽ ൌ
3
8
௚ߩ௚ଷݒ
ߩௗݎ

ௗܥ ൅ ݃ 

where vg is the velocity of the plasma, ρg is the density of the plasma, and Cd is the drag coefficient.  

The plasma density was taken as 0.06 kg/m3.  The velocity of the plasma is estimated with the 

effective velocity (in m/s), which is 

௘௙௙ݒ ൌ ݇ଵ ൈ  ܫ

where k1 is a constant coefficient of ¼.  The drag coefficient is 

ௗܥ ൌ െ242.74ܴ݁ିଶ ൅ 59.67ܴ݁ିଵ ൅ 0.44793 

where Re is the Reynolds number, which is defined as 

ܴ݁ ൌ
௘௙௙ݒௗݎ
௞ߥ

 

The variable νk is kinetic viscosity and is 3.4 x 10-3 m2/s.  The initial velocity is calculated as 

଴ݒ ൌ ඥെ0.33692 ൅ 0.00854ሺܫ ⁄ௗܦ ሻ 
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Table 1:  Composition of the Alloy 690 base metal and filler metal 52. 

  Ni Cr Fe Mn Si Ti Al Cu C 
Alloy 690 59.80 29.63 9.65 0.28 0.36 0 0 0.25 0.03 

FM 52 60.88 29.22 8.65 0.24 0.14 0.38 0.4 0.01 0.02 
 
 
Table 2:  Summary of weld widths and depths as a function of laser power, welding speed, and 
welding technique. 

    Width (mm) Depth (mm) 
Power (kW) Speed (mm/s) Laser Hybrid Laser Hybrid 

2 10 3.7 13.6 3.5 4.7 
4 10 4.5 15.1 5.7 7.0 
6 10 5.9 15.2 7.6 9.1 
            
2 20 2.7 12.4 2.7 3.5 
4 20 3.6 11.2 4.7 5.8 
6 20 4.4 11.6 6.2 7.6 
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Figure 1:  The vapor pressure-temperature relations may explain why increased porosity is 
observed in Alloy 690 welds compared to other common engineering alloys. 
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Figure 2:  Laser and hybrid laser-weld transverse cross-sections of Alloy 690 are shown.  The 
additional heat source in the hybrid welds produces much larger and lower aspect ratio welds. 
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(a) 

 

 
(b) 

 
Figure 3:  X-ray CT scans reveal the porosity in 6 kW 10 mm/s (a) laser welds and (b) hybrid 
welds.  Hybrid welding appears to significantly reduce the amount of porosity in the weld.  
Include welding conditions. 
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Figure 4:  The porosity size distributions for (a and c) laser welds and (b and d) hybrid welds and 
the total porosity volumes in parentheses are shown.  The number of pores for almost all sizes 
decrease when going from laser to hybrid welding at laser powers of 4 and 6 kW. 
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Figure 5:  The calculated cylindrical volumetric heat source outline is overlaid on the 10 mm/s 
hybrid welds.  The gap between the bottom of the heat source and weld bottom becomes 
increasing larger with laser power.  The larger gap combined with a larger of weld volume 
behind the gap led to more pores escaping in the 4 and 6 kW welds. 
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Figure 6:  The pore location distributions in laser and hybrid welds for 2 kW of laser power and 
10 mm/s welding speed are shown. 
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(a) 

 

(b) 

Figure 7:  The volumetric heat source height for different arc currents and electrode diameters are 

shown in (a).  The laser heat inputs to provide different porosity values is also shown in (a).  The 

relation between weld depth and laser heat input used in (a) is shown in (b). 
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Figure A1:  The current-droplet detachment frequencies for filler metal 52 are not experimentally 

known.  Based on suggested currents, voltages, shielding gases, and wire feed speeds for different 

electrode diameters from the manufactures, the relations have been estimated.  The fit line for 

experimental data [29,35] for steel in Ar-5%CO2 shielding gas is shown for reference. 
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